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QUANTIFYING THE IMPACTS OF AN INTEGRATED CROP-LIVESTOCK 
SYSTEM ON PLANT NUTRIENT ACCUMULATION, CROP YIELD, AND 
ECONOMIC PERFORMANCE 
TEERATH SINGH RAI 
2021 
Integrated crop-livestock systems (ICLs), if managed properly, have the potential 
for enhancing crop production and economics. Cover crops in ICL can be grazed to 
provide feed for livestock and improve nutrient recycling. This dissertation focused on 
assessing the impacts of ICL on crop yield and economics using field and modeling 
studies. Specific objectives of this dissertation are: (i) evaluating the impacts of the ICL 
on crop yield, and economic performance in a 3-yr oat (Avena sativa L.) – maize (Zea 
mays L.) – soybean (Glycine max (L.) Merr.) rotation, (ii) assessing the impacts of the 
ICL on maize biomass accumulation, harvest index (HI) and uptake of N, P, K, S, Ca, 
and Mg nutrients during the reproductive phase, (iii) evaluating the Cropping System 
Model (CSM)- CERES-Maize and CSM-CROPGRO-Soybean models for the prevalent 
no-till (NT) and conventional-till (CT) systems, and comparing the long-term impacts of 
NT and CT on crop yield and soil organic carbon (SOC), and (iv) developing a simple 
simulation methodology for crop-livestock interaction using Decision Support System for 
Agrotechnology Transfer (DSSAT), and evaluating the performance of cover crops 
grazing on maize production.  
The field study was established in 2016 and included treatments comprising of (i) 
oat – maize – soybean (CNT), (ii) oat – cover crops – maize – soybean (CC), and (iii) oat 
xii 
 
– cover crop + grazing – maize + residue grazing – soybean + residue grazing (ICL). The 
crop yield was unaffected by the cover crops or livestock grazing over the study period. 
A 17.7% reduction in maize yield under CC as compared to the CNT was observed for 
2017, however, the differences were non-significant (P = 0.06). Despite no significant 
differences in crop performance, the economic analysis showed ICL to be significantly 
more profitable (P = 0.003) than the CNT (64 % higher returns) and CC (91% higher 
returns). 
To determine whether ICLs are better in nutrient recycling, nutrient uptake for N, 
P, K, S, Ca, and Mg was estimated in the above ground maize biomass at R1 and R6 
growth stages, along with HI. Treatments did not impact biomass yield and HI. However, 
N, K, S, and Ca contents of maize plants, averaged across years and growth stages, for 
the CNT was similar to the ICL treatment, and significantly greater than the CC 
treatment. Magnesium content in maize biomass was significantly greater under ICL than 
CNT and CC treatments. The treatments did not have any impact on P content in the 
above ground biomass of maize, however, the trend of CNT > ICL > CC was still 
observed.  
Field trials that involve livestock under croplands are often expensive and 
laborious to maintain for longer duration. Therefore, process-based cropping system 
models (CSM) can play a vital role in addressing some of the issues associated with long-
term research. Therefore, the DSSAT program was used to develop a simulation 
methodology for ICL, after calibrating and evaluating the CSM-CERES-Maize and 
CSM-CROPGRO-Soybean using long-term crop yield data from a 2-yr maize – soybean 
rotation grown under prevalent CT and NT systems. A satisfactory coefficient of 
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determination (R2) for evaluation of CSM-CERES-Maize (R2 = 1.00) and CSM-
CROPGRO-Soybean (R2 = 0.65) confirmed that the trends in the field data were captured 
well by the simulations.  
For simulating crop-livestock interaction using DSSAT, the difference in pre-
grazing and post-grazing dry biomass of the cover crops, averaged over the grazing 
period was used to determine the daily biomass consumption by the livestock. The in-
vitro dry matter digestibility (IVDMD) of the cover crops was used to determine the 
amount of manure that is being returned to the soil during the grazing period. The data 
generated from the field experiments was used to calibrate and evaluate the CSM-
CERES-Maize of the Decision Support System for Agrotechnology Transfer (DSSAT). 
The index of agreement (d) values for calibration and evaluation of maize yield were 0.99 
and 0.95, respectively. The trends in the field data were, therefore, well represented by 
the simulated data.  
Results of the study suggest that livestock grazing did not incur any yield 
penalties on the cash crop and made the system more profitable. The nutrient recycling in 
above ground maize biomass, although insignificant, was improved in case of ICL as 
compared to cover crops without grazing. These results suggest that incorporating cover 
crops in ICLs can enhance nutrient recycling and improve farm profitability. The 
simulation methodology developed in DSSAT using field data can be applied further for 
various crop-livestock interactions and scenario analysis by scientists and policy-makers 







Specialized farming systems, those using less diverse rotations, intensive tillage 
operations and higher usage of chemicals have various adverse effects on production and 
the environment due to loss of biodiversity, increased erosion and reduced soil health 
(Macdonald & Mcbride, 2009). Conservation agriculture practices such as minimum soil 
disturbance, permanent ground cover, and diverse rotations have been developed to help 
mitigate some of the challenges faced by modern agriculture and to make the production 
systems sustainable (FAO, 2017). Growing cover crops is one of the important 
conservation practices that can be adopted by the farmers in the Midwest region of the 
USA to improve crop yield and environmental sustainability. However, researchers also 
argue that economic benefits of cover crops in the short-term, may not be realized unless 
supplemented by livestock grazing or cost-share programs (Plastina et al., 2018). 
Integrated crop livestock systems (ICLs) offer a potential solution to such problems 
(Hilimire, 2011; Kumar et al., 2019). Temporal integration of livestock into the crop 
rotation can be achieved by residue grazing, cover crop grazing, or dual purpose crops 
(Sulc & Franzluebbers, 2014). Literature suggests that depending upon the crop and 
ecoregion, livestock grazing can either increase (Maughan et al., 2009), have no impact 
(Baumhardt et al., 2009), or decrease the following cash crop yield (Baumhardt et al., 
2011).  
Integrated crop-livestock systems have the capacity to enhance nutrient recycling 
due to the organic matter added back to the soil in the form of manure during the grazing 
period (Cicek et al., 2014). However, research on whether this enhanced nutrient 
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recycling translates to better nutrient content in the above ground biomass of the crop and 
better yield is lacking. 
Field trials involving livestock grazing are very expensive and laborious. The 
possible alternative to long-term field trials can be process-based cropping system models 
(CSM), such as the Decision Support System for Agrotechnology Transfer (DSSAT) 
(Jones et al., 2003; Hoogenboom et al., 2019), that have the ability to simulate various 
plant-soil-atmosphere interactions. Past attempts to develop simulation methodologies for 
crop-livestock interactions using DSSAT had very specific objectives (Zhang et al., 
2008). Therefore, a simpler and more generalized methodology based on field data can 
help simulating the long-term implications of such complex interactions, analyze 
relationships between various variables, and help studying various research scenarios. 
Such models can help scientists, researchers, and policymakers in the decision-making 
process regarding ICLs. 
 
Study Objectives 
The overall goal of this project was to assess the impact of an ICL on crop yield, 
nutrient recycling, economic performance, and to develop a systems analysis using crop 
simulation models for crop-livestock interaction using the DSSAT program. This 
dissertation is divided into four objectives, and each objective was accomplished in four 
separate studies as mentioned below: 
Study 1. The study entitled “The medium-term impacts of integrated crop-livestock 
systems on crop performance” focuses on crop performance under an ICL with the 
3 
 
objective of determining the impacts of cover crops and grazing on (i) subsequent crop 
yield and (ii) economics of the production system. 
Study 2. The study entitled “Maize plant biomass yield and nutrient uptake under an 
integrated crop-livestock production system” was conducted to study the impact of cover 
crops and cover crop grazing on the plant growth and nutrient uptake of the following 
maize crop.  
Study 3. The study entitled “Simulation of maize and soybean yield using DSSAT under 
long-term conventional and no-till systems” was conducted with the aim of addressing 
the following objectives: (i) evaluate the performance of CSM-CERES-Maize and CSM-
CROPGRO-Soybean modules by using the CENTURY-based soil organic matter module 
for simulating SOC under maize-soybean rotations, and (ii) study the sensitivity of maize 
and soybean yield to conventional chisel plow and no- tillage management practices. 
Study 4: The study entitled “Simulating the impact of crop-livestock interaction on crop 
performance using DSSAT” was conducted (i) to develop a grazing simulation 
methodology using the available tools in DSSAT and; (ii) to evaluate the performance of 
the model in simulating the impact of cover crop grazing on crop productivity. 
Note: All the four studies were written independently in the format of journal 
manuscripts for publication purposes. 
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The intensification of agriculture production has been accompanied with the need 
to expand land under crop production resulting in conversion of land from grasslands to 
farmlands. For example, approximately 1.2 million ha were added to cropland area from 
2008 to 2012 as part of the conversion of land , either from grasslands or land that was 
not used for crop production earlier in USA (Lark et al., 2015). Most of this land 
conversion was in the Northern Great Plains (NGP) region of the US, including the states 
of South Dakota, North Dakota, and Minnesota. This shift in land use has resulted in soil 
erosion, nutrient leaching, and loss of wildlife habitat (Claassen et al., 2010). Integrated 
crop livestock systems (ICLs) can be the part of the solution to the above environmental 
problems (Hilimire, 2011; Kumar et al., 2019). According to Hilimire (2011), ‘Integrated 
crop/livestock systems are farms where animals and crops are raised with the goal of 
utilizing the products of one for the growth of the other’. The ICLs are mixed production 
systems that rely on simultaneous production of both crops and livestock on a single 
farm. The whole objective of integrating livestock into crop production is to achieve 
better resource utilization efficiency where outputs from one enterprise can complement 
the other. The most common ways of integrating livestock into crop rotations is through 
(i) sod-based rotations, where perennial forages are grown for 2-10 years and then rotated 
with cash crop for 1-8 years; (ii) cover crops, when the seasonal or temporary cover is 
grazed by livestock in the winter; (iii) crop residues, when cattle is allowed to graze on 
the residue left after harvest of the cash crop; (iv) sod intercropping, where a cash crop is 
interseeded into a perennial forage; (v) dual-purpose crops, where cereal crops are grown 
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for both grain and forage production; and (vi) agroforestry, where trees, forages and 
livestock are integrated for increasing the overall productivity of the production system 
(Sulc & Franzluebbers, 2014). This chapter provides a summary review of the existing 
literature for the ICL and its impact on crop performance.  
 
2.1  ICL impacts on crop productivity  
Studies aimed at the quantification of the effects of grazing in ICLs on crop 
productivity have reported mixed results with respect to yield benefits. Crop residue 
grazing (especially residues of maize after harvest) is the most common form of 
integration of livestock into crop production in the USA. The area under maize residue 
grazing represents approximately 12% of the total area under maize production. In total,  
around 83% of the maize residue intended for livestock use is grazed, and the rest is 
baled (Schmer et al., 2017). Drewnoski et al., (2016) studied the long-term impact of 
maize residue grazing on subsequent soybean yield. They reported that soybean yield was 
significantly higher in the grazing treatments as compared to the non-grazed treatment 
over a 9-year period, irrespective of the tillage treatment. Additionally, over a 16-year 
period, spring grazing of maize residue resulted in higher soybean yield as compared to 
the no grazing under no-tillage management.  
Adding cover crops to the crop rotation not only helps in achieving diversification 
at the farm level, but also provides better opportunity to integrate livestock grazing. The 
ICLs have been reported to significantly improve soil quality and also result in crop yield 
gains (Tracy & Zhang, 2008). A 10-year maize – soybean rotation in Illinois was 
converted to an ICL to study the impact of ICL on crop yield and soil properties. Winter 
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cover crops consisting of a mix of oat (Avena sativa L.), cereal rye (Secale cereal L.), and 
turnip (Brassica rapa L. subsp. rapa) were added to the rotation and grazed from 
November to March, following oat harvest for grain. The yield of maize crop following 
grazed cover crops, estimated using yield components, was significantly higher as 
compared to the continuous maize (α = 0.10). The results remained consistent over time, 
with increase in crop yield also reported by Maughan et al. (2009) for the same site. 
Under dryland conditions in Texas, grazing winter wheat until hollow stem stage 
did not impact the wheat yield under a wheat (Triticum aestivum L.) – sorghum (Sorghum 
bicolor (L.) Moench) – fallow rotation (WSF rotation) (Baumhardt et al., 2009). Crop 
yield of the following sorghum crop was also unaffected. In the follow up study, 
however, negative cumulative effect of grazing winter wheat and sorghum stover on soil 
water storage and crop yield was reported  (Baumhardt et al., 2011). Although an 
increase in crop productivity is often used as the most important criteria for selection or 
adoption of any practice, indirect benefits may also be important. For example, in a 3-yr 
cotton – winter wheat – rye rotation conducted in the Texas High Plain region, with 
winter wheat and rye used solely for grazing, lint yield was not affected by grazing as 
compared to the monoculture cotton production (Allen et al., 2005, 2012). The benefit of 
grazing wheat and rye as covers crops compared to not grazing the cover crops was a 25 
% reduction in water use by cover crops and a 36 % reduction in N fertilizer requirement 
for cotton.  
The impact of ICL on crop production is diverse and variable from region to 
region. An ICL experiment comprising of 4-year crop rotation, with two years of 
bahiagrass (Paspalum notatum) followed by peanut (Arachis hypogea) and cotton 
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(Gossypium spp.) as the cash crops was conducted in Florida (George et al., 2013). 
Bahiagrass supported livestock grazing during the summers, which was over-seeded with 
ryegrass (Lolium multiflorum L.) in first winter season and terminated using glyphosate 
in the fall of second year to seed oat/ryegrass for winter grazing. The third-year peanut 
crop was followed by oat/ryegrass cover for winter grazing, before planting cotton in the 
fourth year. The livestock grazing in this experiment significantly increased cotton lint 
yield as compared to no grazing (1613 kg ha-1 vs 1376 kg ha-1) under dryland conditions. 
Yield gains, however, remained insignificant under irrigated conditions (1774 kg ha-1 vs 
1700 kg ha-1, for grazing and no grazing, respectively).  
Despite the above-mentioned advantages of ICLs, there are concerns that 
trampling by grazing livestock may result in soil compaction and reduce water 
infiltration.  Soil compaction may have more adverse effects in regions with no soil 
freezing and thawing cycles and in such regions, a well-managed grazing plan holds the 
key to successful ICL (Clark et al., 2004).   
 
2.2  ICL impacts on biomass production and nutrient content 
 Over the years, researchers have demonstrated a multitude of ecosystems services 
provided by cover crops, including increasing soil organic matter, preventing soil erosion, 
reducing nutrient losses, and increasing water infiltration (Blanco-Canqui et al., 2015; 
Cicek, 2014). However, there is still limited adoption of the practice by farmers in the 
Midwest. The main barriers to adoption of cover crops include associated financial risks, 
potential impact on cash crop yield and cover crop water use (Carlson & Stockwell, 
2013; CTIC et al., 2020). Literature suggests that integrating cover crops into crop 
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rotations and utilizing them for livestock grazing enhances the value of cover crops 
(Plastina et al., 2018) and, therefore, increases the likelihood of adoption of the practice. 
However, the impact of integrating cover crops and livestock grazing on nutrient uptake 
and cycling is not well understood. Cover crops sequester nutrients, which are released 
over time through mineralization. The amount of nutrients immobilized by cover crops 
depend on the biomass produced and also the C:N ratio of the dry matter (Wells et al., 
2013). Cover crops such as rye, due to high C:N ratio, have a low mineralization rate. 
Thus, N sequestered by rye is released over an extended period of time as compared to 
the N from low C:N ratio cover crops (Murungu et al., 2011; Sievers & Cook, 2018).  
Rumen processing of cover crops, after grazing, helps in a faster break down of 
plant material, and nutrients become more readily available to the following crop (Cicek 
et al., 2014). The nutrient recycling efficiency due to cover crop grazing can be as high as 
75 %, (i.e. 75 % of the nutrients consumed by the animal during grazing can be recycled 
back to the soil) (Golden et al., 2016). Another major barrier to cover crop adoption is 
that water use by cover crops may impact soil moisture availability and hence yield of the 
cash crop. A 15% reduction in soil water content due to cover crops decreased maize 
yield in South Dakota (Reese et al., 2014). Grazing can, therefore, be used to limit cover 
crop biomass production thereby reducing cover crop water usage. Effect of grazing 
intensity by maintaining pasture height at four different levels was studied in Brazil when 
a mixture of italian ryegrass (Lolium multiflorum Lam.) and black oat was grown in 
rotation with soybean (Da Silva et al., 2014). Significant difference in soybean plant 
height and biomass was reported. The soybean plant height at V8 and R2 growth stages 
was reduced with increase in pasture height. Similarly, the highest soybean biomass was 
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produced when the preceding pasture height was maintained at 0.1 m to 0.2 m, while the 
lowest soybean biomass production was reported when pasture height was maintained at 
0.4 m. The added advantage of higher grazing intensity (reduced plant height) was lower 
mulch buildup on the topsoil and enhanced nutrient recycling. 
 Cicek et al. (2014) found greater NO3-N contents up to 120 cm depth under 
grazed green manures, when compared to green manures with no grazing. Two green 
manure treatments consisting of oat/pea mixture and sole oat, were grazed in summer to 
study the impact of grazing on nutrient availability in the subsequent wheat and rye 
crops, respectively. The green manure plots with no grazing were incorporated into soil 
through tillage. However, the added advantage of better nutrient availability under 
grazing did not translate into a yield advantage and resulted in higher wheat biomass 
production for only one out of the three study years. Similarly, Baumhardt et al. (2011) 
reported lower final wheat biomass under grazed conditions as compared to no grazing in 
the WSF rotation studied in Texas (as discussed in previous section). Phosphorus and 
potassium recycling can also be altered by livestock grazing (Silva, 2012). Higher soil 
nutrient content for P and K at the points of manure placement during grazing, along with 
soybean yield advantages, were observed under ICL, as compared to spatially mapped 
points void of manure placement.  
An important issue to note is that each nutrient required by plants, whether macro 
or micro, has a unique uptake pattern. While elements like P, S, Zn, and Cu are extracted 
or required by plants throughout the growing season, N, K, Mg, Mn, B, and Fe on the 
other hand, are taken only during the vegetative stages (Bender et al., 2013). Up to date, 
nutrient content studies in above ground biomass have been limited only to management 
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factors including cultivars/hybrids (Bender et al., 2013, 2015), planting density, and 
nitrogen fertilization rate (Ciampitti et al., 2013). Unfortunately, most of the ICL studies 
focusing on nutrient uptake, as affected by ICL, study the impact of grazing on soil 
quality and do not include the impact of grazing on nutrient uptake by plants.  
 
2.3  Simulation of ICL impacts on crop yield 
Integrated crop livestock systems are complex and more research is needed before 
growers can adopt the practice (Wang et al., 2019). To generate a better understanding of 
these complex systems, field trials under diverse set of conditions may be required for the 
system which involves not only crop production, but livestock as well. This may involve 
carrying out field research at a large number of locations over a long period of time. 
However, maintenance of long-term experimental sites is not only laborious, but also 
expensive. Therefore, it is essential to apply a systems analysis approach to the problem 
and develop research tools for scientists and policy makers those are based on field 
generated data.  
Process-based cropping system models (CSM) such as the Decision Support 
System for Agrotechnology Transfer (DSSAT) (Hoogenboom et al., 2018; Jones et al., 
2003) can play major role in simulating the long-term benefits of management on crop 
production under diverse environmental conditions. The current version of DSSAT is a 
computer program comprising of crop simulation models that contains functions on 
plant-soil-atmosphere dynamics and aids in studying various crop, soil, and hydrological 
properties under diverse set of environmental conditions. The 42 crop models present in 
the DSSAT shell have been tested worldwide across diverse set of soil, management, and 
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climatic conditions (Timsina et al. 2008; Li et al. 2015; Soler et al. 2011; Singh et al. 
1999; Adhikari et al. 2017; Singh et al. 2019). Even though the crop models have been 
well studied, a systems approach requires precise evaluation of the effect of management 
decisions over long-term (Bowen et al., 1998). An added advantage of using DSSAT for 
crop modeling studies is its ability to simulate long-term crop production in seasonal as 
well as sequential mode (Thornton et al., 1995). Simulation of soil organic matter is a key 
feature in agricultural systems and is taken care of by either of the two organic matter 
modules. DSSAT contains CERES-Godwin (Godwin & Singh, 1998), which is based on 
the PAPRAN model and was designed for small grains and pastures; and does not 
identify the residue layer on the soil surface (Seligman & van Keulen, 1980). The 
CENTURY-Parton module (Parton et al., 1988, 1994), however, is able to simulate the 
top residue layer as mulch and is more efficient in C, N, P, and S simulations (Gijsman et 
al., 2002). The major challenge before using these crop models is to first calibrate and 
evaluate them for particular site using measured data (Adhikari et al., 2017). Once 
calibrated and evaluated, the CSMs can be used to analyze different production scenarios 
and evaluate the impacts of various management practices on crop production. 
Previous attempts at developing a simulation methodology for crop-livestock 
interaction using DSSAT were specifically aimed at dual purpose wheat crop (Zhang et 
al., 2008). Thus, model usage was limited only to CERES-Wheat, and not cover crops in 
general. The result was a variant of the wheat simulation model developed for crop as 
well as livestock production. The subroutine was designed to be called into the program 
and remove the desired amount of biomass from the field daily to mimic biomass and leaf 
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area losses during the grazing period in the field. Apart from the crop production aspects, 
the developed subroutine also focused on livestock gains, and crop-livestock interaction. 
The major challenge with the past ICL simulation attempts was that the developed 
subroutine is not included in the standard DSSAT package. Any additional subroutine 
that is to be included in DSSAT has to be programmed in FORTRAN, which makes it a 
burdensome task to code. Despite that, it is evident that the previous attempts, even 
though limited in number, have been focused on very specific objectives. Hence, a more 
general approach at simulating crop-livestock interaction using the already available tools 
in DSSAT may be more appropriate for users interested in researching ICL through 
CSMs. 
 
2.4  Research Gaps 
Based on the above literature review, major research gaps were found in studies 
focused on ICLs as outlined below: 
• Previous studies have focused on residue grazing, and studies exploring the 
impact of cover crops or ICLs on crop productivity and economics simultaneously are 
missing. 
• Nutrient recycling is a key feature of ICLs; however, most studies have focused 
on impacts of ICLs on soil properties rather than on nutrient content in above ground 
biomass. Limited information is available on how livestock grazing alters plant nutrient 
uptake and content. 
• Only a limited number of studies have attempted to model the impact of livestock 
grazing on crop productivity using CSMs. 
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Therefore, the current study aims to fill these research gaps and contribute 
towards better understanding of these complex ICL systems. 
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THE MEDIUM-TERM IMPACTS OF INTEGRATED CROP-LIVESTOCK 
SYSTEMS ON CROP PERFORMANCE 
ABSTRACT 
Integrated crop-livestock systems (ICL) are diverse production systems that make 
maximum use of resources through spatially or temporally rotating land between crop, 
livestock and pasture uses. However, ICLs are complex and still poorly understood. A 
field study was initiated at South Dakota State University in 2016 to determine the 
impacts of integrating cover crops and livestock grazing into a crop rotation consisting of 
oat (Avena sativa L.) – maize (Zea mays L.) – soybean (Glycine max (L.) Merr.). The 
objectives were to (1) determine the medium-term (4 to 6 years) impacts of cover crops 
and livestock grazing on crop performance, and (2) determine the economic impacts of 
integrating cover crops and livestock grazing. Treatments included (i) a cover crop blend 
planted after oat harvesting (CC); (ii) a  cover crop blend as in (i) with grazing of the 
cover crop and crop residue in late fall (ICL); and (iii) a control treatment without cover 
crop or livestock grazing (CNT). Planting cover crops, with or without grazing, did not 
impact subsequent crops yield. However, maize yield decreased by 17.7% in a dry year in 
2017 in the CC treatment as compared to control, suggesting cover crops may have a 
negative impact on yield when soil moisture is limiting.  Economic analysis showed that 
the ICL was significantly more profitable (P = 0.003) than the conventional system (64% 
higher returns) and the CC system (91% higher returns). These results suggest that the 








Prior to World War II, US agriculture was more diversified than the current 
system and small farms were the key component of the production systems (Dimitri et al., 
2005). Livestock manure played an important role in nutrient recycling at the farm level 
while crop residues were used for supporting animal production (Russelle et al., 2007). 
Specialized commodity and monoculture agricultural production has since overtaken the 
traditional agricultural practices (Macdonald & Mcbride, 2009). The primary benefit of 
the current system is increased production efficiency. But along with that, new problems 
have surfaced. The current farming practices have led to repeated cultivation of a few 
crop species, using similar agrochemicals over time, more pollutants being released into 
the environment, and a gradual loss of biodiversity (Macdonald & Mcbride, 2009; 
Matson et al., 1997). One of the alternatives to tackle these problems is to integrate 
livestock into crop production systems (Hilimire, 2011).  
Currently, various spatially separated cattle and crop production systems are 
spread out across the United States.  Integrated crop-livestock systems (ICLs) allow for 
spatial and temporal integration of the two production systems and promote farm-level 
diversification and sustainability. This can be achieved by utilizing the same land base for 
crop production to grow annual pastures or cover crops for livestock feed along with cash 
crops (Sulc & Tracy, 2007).  A number of options for ICLs such as residue grazing, cover 
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crop grazing or dual purpose crops, can also be employed depending on the ecoregion 
(Sulc & Franzluebbers, 2014). 
Most of the research results about grazing impacts on crop yield in ICLs have 
been mixed. Currently, crop residue grazing is the most widely practiced form of ICL. In 
major maize growing regions of the United States, approximately 80% of the maize 
residue intended for livestock consumption is grazed, while the rest is baled or harvested 
(Schmer et al., 2017). Researchers in Nebraska quantified the effect of grazing maize 
residue in autumn and reported  that grazing had no significant impact on the succeeding 
crop yield, whereas spring grazing resulted in increased soybean yield (Drewnoski et al., 
2016).  
Rotational integration of livestock can be achieved by utilizing cover crops in the 
rotation. Cover crops can not only serve as feed for livestock but also help reduce soil 
erosion during autumn. Incorporating cover crops into the rotation also helps improve 
soil properties (Maughan et al., 2009). They reported, a cover crop mixture consisting of 
spring oat (Avena sativa L.), cereal rye (Secale cereale L.) and turnip (Brassica rapa L. 
subsp. rapa) and grazing it increased maize yield (α = 0.1), as compared to continuous 
maize due to higher concentrations of labile C and N in the SOM fractions. Grazing 
winter wheat under dryland conditions in Texas did not have any significant impact on 
the succeeding sorghum (Sorghum bicolor) crop yield in a winter wheat (Triticum 
aestivum L.) – sorghum – fallow rotation (Baumhardt et al., 2009). In a follow up study, 
when tillage treatments were included, wheat and sorghum yield was significantly 
reduced in no-till grazed plots, whereas grazing in stubble mulch tillage treatment did not 
affect the grain yield (Baumhardt et al., 2011). In Illinois a continuous maize – soybean 
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rotation for more than 10 years, typical to the Midwest region of USA, was converted to 
support an integrated crop livestock experiment (Tracy & Zhang, 2008). Grazing cool-
season cover crops during October, when the perennial pastures do not support livestock, 
not only provided feed to the livestock but helped increase the following maize yield in 
oats – annual pasture – maize rotation as compared to continuous maize. In addition, 
significant gains in soil C pools were observed within 5 years of conversion to ICL.  
Adaptation of any production system may not necessarily be directly dependent 
on the economic gains the system offers. The indirect benefits of the ICLs can sometimes 
be important too. In a 10-yr study in Texas, cotton lint yield was the same for both the 
monoculture production system and the ICL. However, the ICL reportedly reduced 
irrigation water use by 25% and N fertilizer by 36% (Allen et al., 2012). Grazing 
bahiagrass (Paspalum notatum) during the summers and oat/ryegrass during the winters 
under bahiagrass – bahiagrass – peanut – cotton 4-year rotation resulted in significant 
cotton lint yield differences between grazed plots (1613 kg ha-1) and nongrazed plots 
(1376 kg ha-1) in rainfed conditions (George et al., 2013). Grazing in the summer was 
supported by bahiagrass, which was over seeded by ryegrass (Lolium multiflorum L.) or 
oat/ryegrass mixture during winters. However, yield under irrigation did not differ much 
for grazed (1774 kg ha-1) and nongrazed (1700 kg ha-1) treatments. Grazing, especially 
under rainfed conditions, enhanced microbial biomass carbon, N, P and K levels in top 30 
cm soil layer. An integrated soybean – beef cattle system in Brazil resulted in 41% higher 
K content and 7 % higher P content in soybean, which led to an increase of 23% in yield 
and 20% more number of pods per plant. Soybean was grown in rotation with black oat 
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and Italian ryegrass (Lolium multiflorum Lam.) for grazing during winters (Da Silva et 
al., 2014). 
Thus, integrating cover crops into the crop-livestock production systems can have 
both biological and economic advantages. Up to 75% of nutrients consumed by livestock 
can be recycled through grazing cover crops, which makes it an efficient nutrient cycling 
system. An important factor to consider in the ICLs is the selection of cover crops. 
Selection of cover crops should be based on the needs of the production system, forage 
requirement, and adaptation to climatic conditions. The choice of a cover crop or mixture 
of cover crops also helps determine the optimal timing of grazing (Golden et al., 2016). 
Cover crops with high C:N ratios such as grass cover crops, sequester inorganic N which 
hinders N availability to the subsequent crop and hence yield (Wells et al., 2013). 
Therefore, a cover crop blend which includes legumes and grasses could be a possible 
option when grass cover crops are grown prior to crop with high N requirements. Grazing 
oat or oat/pea (Pisum sativum) mixture increased nitrogen uptake for the spring wheat 
crop without having any adverse effect on the yield (Cicek et al., 2014).  
A possible problem with integrating livestock into crop production systems is soil 
compaction or penetration resistance. Grazing in regions with no winter freezing results 
in soil compaction and this is reported to have a negative impact on crop yield (Clark et 
al., 2004), while in regions experiencing freezing in winter, grazing did not impact yield 
(Allan et al., 2016; Hunt et al., 2016). Grazing maize residue in spring increased cone 
index, and S concentration in the soil (Rakkar et al., 2017). A well-managed grazing plan 
can help avoid the problem of compaction (Clark et al., 2004).  
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Although the benefits of cover crops are widely reported, research about 
integrating cover crops and livestock into the traditional maize-soybean production 
system has been lacking in South Dakota. An experiment was setup at South Dakota 
State University with a goal of understanding the ICL and its impacts on soil quality, crop 
yield, and livestock performance. This paper focuses on crop performance under the ICL 
with the objective of determining the impacts of cover crops and grazing on i) subsequent 
crop yield and ii) economics of the production system.  
 
3.2. MATERIALS AND METHODS 
3.2.1. Experimental design and site layout 
The experimental site was located at the Southeast Research Farm, South Dakota 
State University, Beresford, SD (43°02'58" N, 96°53'30" W). The experiment was 
initiated in 2016 to study the effect of cover crops and grazing cover crops and crop 
stubble on crop performance and yield in a 3-year oat – maize – soybean rotation with all 
phases of the rotation present each year (Table 3.1). The site had previously been planted 
to maize before converting to an integrated crop-livestock production system. The soil at 
the experimental site is classified as Egan-Trent soil series (Silty clay loam) (NRCS, 
2019). The soil of the experimental site had a bulk density of 1.49 g cm-3, pH of 6.18, 
average SOC content at 27 g kg-1, and total N content of 2.5 g kg-1.  The plots were 
established on a flat surface with a slope less than 2%. The experiment was laid out in a 
randomized complete block design with four replications.  A total of 36 plots were used 
in the experiment, with each plot measuring 18.3 m × 36.6 m. 
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The treatments consisted of: i) oat – maize – soybean (control; CNT); ii) oat – 
cover crops – maize – soybean (CC); and iii) oat – cover crops with grazing – maize with 
residue grazing – soybean with residue grazing (ICL) (Table 3.1). A cover crop mix 
consisting of grasses, legumes and oilseeds (Table 3.2) was grown in the autumn 
following oat harvest. The cover crops in the CC treatment were left to overwinter in the 
plots. The cover crops in the ICL treatment was grazed in the autumn along with maize 
and soybean residues. The grazing period for the ICL treatment varied from 7 to 15 days 
depending on forage availability. The total area of 2.2 ha comprising of plots and alleys 
supported 20 heifers. Along with the treatments, a continuous pasture was included in the 
treatments for cattle to get better adapted to cover crops. 
The experiment was planted under no-till and non-irrigated conditions. Yearly 
information on planting dates and harvesting dates is provided in a supplementary data 
file, A1. The seeding rates for oat, maize and soybean varied from year to year (A1). The 
oat cultivar was Hayden (South Dakota Agricultural Experiment Station) in 2016, and 
2018 and Horsepower (South Dakota Agricultural Experiment Station) in 2017. The 
maize hybrids changed over years as well; DKC46-36 and DKC56-45 (Dekalb, Bayer 
CropScience, St. Louis, MO) in 2016 and 2017, respectively, and PO3389AM and 
PO3306AM (Pioneer-Corteva, Johnston, IA) were grown in 2018 and 2019, respectively. 
Soybean cultivars P28T08R (Maturity group, MG 2.8) and P33T69R (MG 3.3) (Pioneer-
Corteva, Johnston, IA) were planted in years 2016, and 2017, respectively. While in the 
years 2018, and 2019, soybean cultivars AG19X8 (MG 1.9) and AG21X6 (MG 2.1) were 
planted. Nitrogen fertilizer was applied to the oat and maize plots, whereas soybean plots 
did not receive any supplementary fertilizer application. Nitrogen was supplied in the 
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form of urea (46% N) as initial application before planting and in season nitrogen at V6-
V8 stage was supplied in solution form of urea ammonium nitrate (UAN, 28% N) using a 
side applicator in 2018 and through Y-Drop system in 2019. A complete detail of 
management operations, including herbicide and fungicide applications, for each crop is 
provided in the supplementary data file, A1.  
Stand establishment for maize and soybean was determined by counting number 
the of plants from 1.8 m length of the row prior to harvest. Yield data was recorded with 
the help of a weighing wagon by harvesting a 6-m wide pass through the center of the 
plot for soybean and oat. For measuring maize yield, the harvest strip was 9 m wide. The 
100-seed weight and test weight readings were obtained from a Kincaid harvester. Grain 
yield was later adjusted to 13%, 15% and 13% moisture content for oat, maize, and 
soybean, respectively. 
 
3.2.2. Statistical Analysis 
3.2.2.1. Crop productivity 
Statistical analyses were conducted using ANOVA following a mixed modeling 
approach by ‘lmer’ function of lme4 package (Bates et al., 2007) in RStudio 1.2.5033 
(Allaire, 2011). To observe trends over years, crop performance traits were pooled 
together and analyzed across years with treatments and years considered as fixed effects, 
whereas replications were considered random effects. Individual year analysis was used 
to determine the response of crop performance traits to treatments within year. 
Preplanned contrasts were used to compare different treatments or combinations of 
treatments. Multiple mean comparisons were conducted using Tukey’s test only when the 
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treatment effect was significant (α = 0.05). The residuals were checked for normality 
using the Shapiro-Wilks test (Shapiro & Wilk, 1965) and homogeneity of variance. A 
simple linear regression model was fitted between the seasonal precipitation and crop 
yield to study the influence of cumulative precipitation on crop production for both maize 
and soybean. 
 
3.2.2.2. Economic analysis 
Economic analysis was conducted using an enterprise budget approach to 
compare the profitability of the three treatments. The economic profitability of the 
treatments was estimated by subtracting the total cost for each enterprise from gross 
revenue generated by the enterprise in a given year. The costs of management operations 
such as seeding, application of fertilizers and herbicides were considered while creating 
the enterprise budgets. Farm machinery, seed drying and hauling were included into the 
cost as per Haugen (2016). Additional cost of cover crop seed and seeding operations 
were added to the CC and ICL treatment (File S1). The cover crop seed cost was the 
primary cost that varied across years for the CC treatment because of the differences in 
seeding rates. The costs of setting up fencing and water infrastructure were also added to 
the ICL treatment. Water hauling cost varied because of the number of trips required to 
refill water during the grazing period. The number of water refill trips to the field 
depended on the duration of grazing period and biomass produced. The stocking rate was 
approximately 9 head ha-1 (20 heads in 5.5 acre) which grazed in the designated area for 
7, 13, 7, and 15 days in 2016, 2017, 2018, and 2019, respectively. The average body 
weight of heifers was 384 kg and water requirement was assumed to be 16.7 L kg-1 of 
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body weight (Tobin et al., 2020), which helped in estimating the total water requirement. 
The amount of water required also helped in estimating the number of water-hauling trips 
required to the field, with every trip costing around $18.16 ha-1.  
Gross revenues were estimated using the average annual prices received for the 
crops (USDA-NASS, 2019). Gross revenues were updated for the ICL treatment by 
adding the forage value of cover crops, maize residue, and soybean residue by assuming 
50% utilization of the produced biomass. The forage value of maize and soybean was 
estimated by assuming a harvest index (HI) of 0.5 for maize and 0.4 for soybean dividing 
it by the final crop yield to obtain potential biomass (50% biomass utilized for 
grazing)(Clay et al., 2010). The forage value of the cover crop, maize residue, and 
soybean residue was assumed to be $120 ton-1, $60 ton-1, and $50 ton-1, respectively 
(USDA, 2020). The net revenue was estimated for each experimental unit over four years 
and subjected to analysis of variance with treatment and years as fixed effects and 
replication as random effect. 
 
3.3. RESULTS  
3.3.1. Weather data 
The monthly weather data for maximum and minimum temperature (°C) along 
with precipitation (mm) for the growing season is depicted in Figure 3.1. Late fall and 
winter freezing of the soil is inevitable at the experimental site. However, during the 
grazing period of October and November soil might not have been frozen. In 2016, 
precipitation was similar to the long-term average precipitation except in September 
when precipitation was much higher than long-term average. In 2017, precipitation was 
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considerably higher than long-term average for the months of April, May, August, and 
October.  In 2018, June and September were considerably wetter than the normally 
expected rainfall. Overall, the growing season in 2018 was the wettest and 2017 was the 
driest. Cumulative precipitation from April to November at the experimental site was 
651.5 mm, 590.3 mm, 805.4 mm, and 715.5 mm for the year 2016, 2017, 2018 and 2019, 
respectively. Temperatures remained on the higher side of the normal expectations during 
the early growth stages of the crop development in June and July in most of the years. 
 
3.3.2. Oat growth and yield 
In 2016, oat was baled on 2 August prior to seeding cover crops hence no yield or 
yield component data are available. Year effects were significant for yield and yield 
components (Table 3.3).  Oat plants had greater yield in 2018 than in 2017 and 2019 (P < 
0.001).  On the other hand, test weight (P < 0.001) and 100-seed weight (P= 0.001) were 
greater in 2017 than in 2018. Oat plots were inspected visually to record lodging from a 
scale of 0 to 100% (where 0 = no lodging and 100 % = plant flat on the ground) prior to 
harvest. In 2017, lodging in oat plots varied from 1 to 60%, whereas in 2018 lodging 
varied from 10 to 90%. In 2019, oat suffered damage from hailstorm early in the season 
and data on plant height and 100 seed weight was not recorded.  
Grain yield and yield components are primarily varietal characteristics. Higher 
grain yield and plant height has been reported in ‘Hayden’ oat which was grown in 2018 
than ‘Horsepower’, grown in 2017 (Lang et al., 2016). Drainage problems in two 
replications of the experiment may have contributed to within year yield differences. 
Treatment effects were significant for seed yield with the control (1.3 Mg ha-1) and ICL 
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(1.3 Mg ha-1) treatment yielding significantly lower than the CC treatment (1.5 Mg ha-1). 
Within individual year, the measured plant traits were variable among treatments, but 
effects were not significant (Table 3.3). In 2017, plants were tallest in the CNT treatment 
(74.9 cm), followed by ICL (73.0 cm) and CC (72.4). In 2018 however, tallest plants 
were observed for plots in the CC treatment (104.8 cm), followed by ICL (101 cm) and 
CNT (99.4 cm). The 100 seed weight ranged from 3.4 g to 3.9 g in 2017 and 3.3 g to 3.7 
g in 2018. Test weight for oat in 2017 was higher than the test weight reported in 2018. In 
2017, test weight for oat varied from 47.50 kg hL-1 to 51.23 kg hL-1, whereas in 2018 the 
test weight varied from 40.29 kg hL-1 to 50.20 kg hL-1.  
 
3.3.3. Maize growth and yield 
Year effects were significant for stand count (P < 0.001), 100-seed weight (P < 
0.001), test weight (P < 0.001) and grain yield (P = 0.002). Stand count decreased from a 
high of 7.8 plant m-2 in 2016 to a lowest of 6.3 plants m-2 in 2019 (Table 3.4). The 100 
seed weight was greatest in 2017 (37.5 g) and lowest in 2019 (27.4 g). Test weight in 
2016 (74.4 kg hL-1) and 2017 (73.7 kg hL-1) was significantly greater than in 2018 (69.7 
kg hL-1) and 2019 (70.3 kg hL-1). The greatest grain yield was obtained in 2018 (10.2 Mg 
ha-1) and this yield was significantly greater than yield obtained in all other years (Table 
3.4).  The lowest grain yield was obtained in 2016 (7.9 Mg ha-1). The treatments had no 
significant impact on crop yield and other measured traits. 
When data from individual years were analyzed separately, treatment effects did 
not significantly impact all measured traits in 2016, 2018 and 2019 (Table 3.5).  In 2017, 
treatments effects significantly impacted 100 seed weight (P = 0.045) with the control 
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treatment recording the greatest 100-seed weight (39.4 g) and this valued significantly 
greater than the 100-seed weight for the CC treatment (35.7 g) but similar to the 100-seed 
weight for the ICL treatment (37.5 g) (Table 3.5). The two pre-planned contrasts were 
used to compare a pair of treatments with a single treatment (Table 3.5). The first contrast 
(CNT vs. CC/ICL) helps determine whether the addition of cover crops or cover crop 
grazing would have a significant impact on the current production system. Similarly, the 
second contrast (CNT/CC vs. ICL) helps determine whether the addition of livestock into 
the crop production system significantly impacted the production system with or without 
cover crops. Results show that the first contrast was significant for 100 seed weight and 
yield only in 2017. In both cases the control treatment (CNT) performed significantly 
better the average of the two other treatments (CC/ICL). A simple linear regression 
model was built to study the impact of the growing season precipitation on maize yield. 
The growing season precipitation had a significant impact on the maize yield (P = 0.002) 
and was able to explain considerable amount of variability in the maize yield (R2 = 0.20) 
(Figure 3.2). 
 
3.3.4. Soybean growth and yield 
Soybean constitutes the third and final phase of the rotation. Average stand count 
varied significantly across the years (P < 0.001), with highest (27.8 plants m-2) reported 
in the year 2017 and lowest (12.1 plants m-2) in the year 2016 (Table 3.4).  The 100-seed 
weight on the other hand, decreased over years from 19.8 g in 2016 to 16.7 g in 2019. 
Test weight was the same from 2016 to 2018 but was significantly lower in 2019 (Table 
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3.4).  Soybean seed yield was greatest (4.7 Mg ha-1) in 2016 and decreased significantly 
each year to a low of 3.0 Mg ha-1 in 2019. 
When individual data from each year were analyzed separately, treatments effects 
had no impact on all measured traits. Table 3.6 shows that all traits were relatively 
uniform within years. Pre-planned custom contrasts, similar to maize, were also 
conducted for soybean but all the comparisons were found to be insignificant. The simple 
linear regression model between growing season precipitation and crop yield did not 
explain significant variation in case of soybean. 
 
3.3.5. Economic analysis 
Economic analysis compared the three treatments across four years of the study. 
The production costs were estimated for each of the three treatments (Table 3.7). The 
production costs, although insignificant (P = 0.51), were estimated to be highest for the 
ICL treatment followed by CC and CNT, respectively. Higher average costs were 
incurred for the ICL treatment due to grazing set up which included fencing wire, posts, 
energizer, and water tank in the first year of the study. The ICL treatment was expensive 
for the other years as well due to the labor requirements for fencing and water hauling 
each year. The added costs in the ICL and CC treatments also came from the cover crop 
seed and the seeding operation in the fall. Average production costs were higher in the 
year 2019 due to the higher herbicide dosage, followed by 2016 where initial cost of 
establishing grazing equipment was higher. Initial herbicide failure during 2019 led to 
extra herbicide application and ultimately increasing the cost of production. Although no 
significant differences were found in cash crop yield among the three treatments, the 
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analysis of net returns, as demonstrated in Table 3.7, showed that the ICL treatment was 
significantly more profitable than the CNT and CC treatments (P = 0.003).  The ICL 
treatment on average had a net profit of $623 ha-1, as compared to $379 ha-1 and $326 ha-
1 in the CNT and CC treatments, respectively. The major reason for higher returns in the 
ICL treatment can be attributed to feed value of biomass produced by cover crops, maize, 
and soybean.  
 
3.4. DISCUSSION 
We observed significant changes in the yield of all three crops over the 4-year 
period. Some of these changes can be attributed to changes in weather conditions and 
others to changes in cultivar/hybrid used. For example, a major factor in maize yield was 
the growing season precipitation with the regression analysis showing a significant 
positive relationship between growing season precipitation and grain yield. This explains 
why lower maize yield was observed during the drier season of 2017 and higher yield 
was reported in 2018, a wetter year. The current results also show lower maize yield for 
the CC treatment in 2017 (P = 0.06). A possible reason for this is that cover crops 
reduced available water for the succeeding maize crop. Similar results suggesting lower 
crop yield due to lower soil water availability (up to 15% reduction in soil water content) 
as a consequence of cover crops were observed by Reese et al. (2014). In 2018 and 2019, 
higher precipitation likely reduced the negative impacts of cover crops resulting in three 
treatments performing similar. Since forecasting next year’s seasonal rainfall is difficult, 
low intensity grazing may help in reducing water uptake by cover crops making sure 
there is enough available moisture for the next crop in the rotation.  
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A reduction in soybean yield was observed over years with highest yield observed 
in 2016, and the yield becoming lower each year in the rotation till 2019. On the other 
hand, the results show that stand counts were variable among years and not related to 
yield, with stands lowest in 2016 and highest in 2017. Researchers agree that seeding 
density may have little or no impact on final soybean yield and that lower plant 
populations are compensated for by larger individual plants with more branches and 
therefore more pods per plant (Schutte & Nleya, 2019; Thompson et al., 2015). The 
reason for lower yield in 2018 and 2019 is not clear but could be related to white mold 
(Sclerotinia sclerotiorum) infestation in 2018 and herbicide failure in 2019. White mold 
has been shown to be a bigger problem in wet years, typical of 2018 (Kandel et al., 2018; 
Westphal et al., 2015). The cultivar used in 2018 was earlier maturing (MG 1.9) as 
compared to cultivars in other years. We suspect the reproductive stage of soybean 
development coincided with higher precipitation period (Figure 3.1), thus favoring white 
mold development. However, we did not scout for white mold in 2018.  
The current study shows that integrating cover crops and livestock into the 3-year 
oat – maize – soybean rotation does not have a negative impact on crop productivity in 
the medium-term. In a nutrient recycling study conducted in Canada over 3 years, grazing 
green manure mixture of pea and oat increased NO3-N in the following spring without 
having any impact on the yield of wheat (Cicek et al., 2014) agreeing with the current 
results. On the other hand, significant increase in soybean yield as a result of grazing 
maize residue in fall over long time (10-yrs) has been reported by Drewnoski et al. (2016) 
in the Northern Great Plains region.  In the current study, maize and soybean stubble was 
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grazed along with cover crops over a shorter period of time (only 4 years) and likely the 
impacts are not yet evident.     
 While integrating cover crops and livestock into the soybean-maize crop rotation 
had no impact on crop performance, grazing cover crops and maize and soybean stubble 
resulted in a greater profit margin compared to the other two systems. This suggests that 
grazing cover crops or crop residues can offer higher returns and offset increases to the 
production costs due to introducing cover crops and livestock in the system. It is 
noteworthy that the monetary benefits of grazing cover crops did not only offset the costs 
but was actually more profitable, irrespective of the year in which the rotation was 
initiated. Even though the forage value of maize stubble ($60 ton-1) was half the value of 
cover crop forage ($120 ton-1), it still accounted for the major portion of the economic 
benefit in the ICL because of the greater biomass production. The current economic 
analysis did not include the value of manure recycled during the grazing period 
suggesting the profitability of the ICL is likely to be even greater than reported in this 
paper. Plastina et al. (2018) suggested that adopting cover crops reduced net returns 
unless used for grazing or supplemented with cost share payments. The current results 
support the above observation in that cover crops added to the production costs without 
providing any immediate monetary advantages. However, it would not be appropriate to 
ignore the indirect benefits associated with including cover crops into the rotation. Even 
with no significant gain in crop yield over a given period of time, small cumulative 
improvements in soil quality can prove beneficial over time. Water infiltration rate and 
saturated hydraulic conductivity in the top 0-5 cm in the current study were reported to be 
significantly higher for CC treatment as compared to CNT (Jashanjeet Kaur, personal 
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communication.) while other researchers (Tracy & Zhang, 2008) have reported that the 
impact of grazing on nutrient recycling might not be realized in the medium-term.  
The other major concern that arises with autumn grazing is that cattle trampling 
may negatively impact soil properties and reduce water infiltration due to soil 
compaction. However, the freeze-thaw cycle in the Northern Great Plains alleviates any 
compaction in the soil caused by management practices (Jabro et al., 2014; Liebig et al., 
2011). This suggests that a well-managed autumn grazing program would have no impact 
on the soil physical properties.  
 
3.5. CONCLUSION 
The results of the current study suggest that in the medium term (4 years), there is 
no impact of integrating cover crops or livestock grazing on subsequent crop yield in an 
oat-maize-soybean rotation in the NGP. However, a long-term study is required to fully 
understand the impacts of integrating cover crops and livestock into this production 
system. For example, there is need to fully investigate the negative impacts of cover 
crops with no grazing on crop yield in dry years and whether a light grazing can reduce 
this impact. Integrating livestock to graze both cover crops and crop stubble was more 
profitable than non-grazed cover crops or the conventional rotation with no cover crops. 
While integrating cover crops without grazing was not profitable in monetary terms, it 
must be noted that the indirect benefits of cover crops to soil quality, not considered in 
the current study, can reduce input costs in the long term enhancing overall profitability 
of the production system. Finally, it should be noted that the profitability as observed in 
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the current study assumes that farmers are already involved in cattle production and do 
not incur additional costs associated with setting up a cattle production operation.  
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Table 3.1. Chronological order of the crop sequences in different treatments over the 4-year period of experimentation at Beresford, 
SD. 
Trt 2016 2017 2018 2019 
 Summer Fall Summer Fall Summer Fall Summer Fall 
CNT 1† Maize  Soybean  Oat  Maize  
CC 1 Maize  Soybean  Oat CC Maize  
ICL 1 Maize Grazing Soybean Grazing Oat CC + 
Grazing 
Maize Grazing 
CNT 2 Oat  Maize  Soybean  Oat  
CC 2 Oat CC Maize  Soybean  Oat  
ICL 2 Oat CC + 
Grazing 
Maize Grazing Soybean Grazing Oat CC + 
Grazing 
CNT 3 Soybean  Oat  Maize  Soybean  
CC 3 Soybean  Oat CC Maize  Soybean  
ICL 3 Soybean Grazing Oat CC + 
Grazing 
Maize Grazing Soybean Grazing 
Note: CNT, control; CC, cover crop; ICL, cover crop followed by grazing along with residue grazing for maize and soybean. 
†represents rotation beginning with different phase but following the same chronological order; 1 follows the sequence of maize – 




Table 3.2. Seeding rate, composition, and total dry biomass at grazing stage for cover crops seeded at Beresford, SD. 
Species 
2016 
(14.6 kg ha-1) 
2017 
(16.8 kg ha-1) 
2018 
(16.8 kg ha-1) 
 % by weight 
Winter pea 10.0 5.2 3.3 
Proso millet - - 9.7 
Foxtail millet - 11.0 7.3 
Triticale - - 2.1 
Radish 50.0 56.9 24.3 
Flax 5.0 8.9 3.2 
Barley - - 1.9 
Common vetch - - 3.9 
Rapeseed - - 9.7 
Sunflower - - 9.7 
Annual ryegrass - - 3.2 
Pearl millet - - 1.9 
Lentil 5.0 5.8 1.6 
Cowpea - - 1.6 
Winfred brassica 10.0 - 10.9 
Sunn hemp - - 2.6 
Sorghum - - 2.9 
Turnip 10.0 12.2 - 
Teff 10.0 - - 





Table 3.3. Plant height (cm), 100 seed weight (g) and test weight (Kg hL-1) of oat sown 






100 seed weight  
(g) 
Test weight  
(kg hL-1)  
Yield  
(Mg ha-1) 
2017† 73.4b 3.7a 49.3a 1.4b 
2018 102.5a 3.5b 44.7b 2.0a 
2019 - - 45.2b 0.7c 
2017 
CNT 74.9 3.8 49.2 1.4 
CC 72.4 3.6 49.2 1.5 
ICL 73.0 3.7 49.7 1.4 
2018 
CNT 99.4 3.5 44.2 1.6b 
CC 104.8 3.4 45.5 2.3a 
ICL 101.0 3.5 43.3 2.1a 
2019 
CNT - - 44.9 0.7 
CC - - 46.6 0.7 
ICL - - 44.0 0.7 
†Means within the same column followed by different small letters for each 
parameter and year are significantly different at P<0.05 among different treatments 
and between years. 





Table 3.4. Year effect on maize, and soybean performance at SDSU Southeast Research 
Farm, Beresford, SD. 










2016 7.8a 33.8b 74.4a 7.9c 
2017 7.4ab 37.5a 73.7a 8.6bc 
2018 7.1b 32.5b 69.7b 10.2a 
2019 6.3c 27.4c 70.3b 9.2b 
Soybean 
2016 12.1d 19.8a 71.8a 4.7a 
2017 27.8a 17.6c 70.7a 3.9b 
2018 22.2b 19.1b 71.3a 3.5c 
2019 20.0c 16.7d 64.7b 3.0d 
†Means within the same column followed by different small letters for each crop are 





Table 3.5. Stand count, 100 seed weight (g), test weight (Kg hL-1) and yield (Mg ha-1) of 
maize as influenced by cover crop and grazing treatments at SDSU Southeast Research 













CNT 7.5† 34.1 74.3 8.17 
CC 7.8 33.5 74.0 7.57 
ICL 7.9 34.0 74.8 8.20 
2017 
CNT 7.1 39.4a 74.3 9.72 
CC 7.6 35.7b 73.8 8.00 
ICL 7.4 37.5ab 73.0 8.12 
2018 
CNT 7.1 33.1 70.0 10.40 
CC 7.6 32.2 69.5 10.19 
ICL 6.6 32.4 69.6 10.09 
2019 
CNT 6.3 27.4 71.5 9.17 
CC 5.9 26.9 69.3 8.91 
ICL 6.6 27.9 70.3 9.40 
Contrasts by year 
2016     
CNT vs. CC/ICL ns  ns ns  ns 
CNT/CC vs. ICL ns  ns ns  ns 
2017     
CNT vs. CC/ICL ns  ** ns  ** 
CNT/CC vs. ICL ns  ns ns  ns 
2018     
CNT vs. CC/ICL ns  ns ns  ns 
CNT/CC vs. ICL ns  ns ns  ns 
2019     
CNT vs. CC/ICL ns  ns ns  ns 
CNT/CC vs. ICL ns  ns ns  ns 
†Means within the same column followed by different small letters for each year are 
significantly different at P<0.05 for cover crop and grazing treatments. 
* Significant at 0.05 probability level; ns, not significant 
** Significant at 0.01 probability level. 





Table 3.6. Stand count, 100 seed weight (g), test weight (Kg hL-1) and yield (Mg ha-1) of 
soybean as influenced by cover crop and grazing treatments at SDSU Southeast Research 











CNT 12.0 20.1 71.8 4.65 
CC 12.1 20.0 71.5 4.73 
ICL 12.2 19.5 72.0 4.67 
2017 
CNT 27.0 17.4 70.8 3.84 
CC 27.6 17.5 70.6 4.03 
ICL 28.6 17.9 70.6 3.96 
2018 
CNT 23.9 19.3 71.7 3.48 
CC 20.9 19.0 72.0 3.41 
ICL 22.1 19.0 70.4 3.49 
2019 
CNT 19.2 16.7 65.2 3.22 
CC 19.3 16.5 63.5 2.99 
ICL 21.4 16.9 65.4 3.08 





Table 3.7. Influence of cover crop and livestock grazing treatments on total cost and net 
revenue at Beresford, SD. 
Variable Total Cost Net Return 
 US$ ha-1 
Treatment   
CNT 430 379b 
CC 451 326b 
ICL 504 623a 
p-value 0.51 0.003 
Year   
2016 475 479 
2017 465 421 
2018 428 459 
2019 478 389 
p-value 0.91 0.795 
Treatment × Year 0.99 0.997 
Within a column, different lowercase letters for each treatment indicate significance at p 
< 0.05. 
Note: CNT, control; CC, cover crop; ICL, cover crop followed by grazing. 





























































Figure 3.2. Relationship between growing season precipitation (mm) and maize yield 
(Mg ha-1) at SDSU Southeast Research Farm, Beresford, SD. 
 
  























MAIZE PLANT BIOMASS YIELD AND NUTRIENT UPTAKE UNDER 
INTEGRATED CROP-LIVESTOCK PRODUCTION SYSTEMS 
ABSTRACT 
Cover crops offer various ecosystem services but can also sequester nutrients and 
extract moisture from the soil profile, thus negatively impacting the following crop. 
Integrated crop livestock systems (ICLs) offer a potential solution to the aforementioned 
problem by providing better nutrient recycling through grazing and thereby reducing 
cover crop biomass production. A field study was conducted at the South Dakota State 
University Southeast Research Farm beginning in 2018 to study the impact of an ICL on 
maize biomass accumulation and nutrient uptake. The treatments comprised of three 
rotations; (i) oat – maize – soybean (CNT), (ii) oat/cover crop – maize – soybean (CC), 
and (iii) oat/cover crop grazing – maize with residue grazing – soybean with residue 
grazing (ICL). Cover crops in the CC and ICL treatment were planted in the autumn after 
harvesting oat; and for ICL treatment the cover crops were grazed in late autumn. The 
biomass yield, nutrient uptake, and harvest index (HI) of maize, grown following cover 
crops was measured at R1 and R6 growth stages for 2019 and 2020. Treatments did not 
impact biomass yield and HI. However, N, K, S, and Ca uptake of maize plants, averaged 
across years and growth stages, was significantly greater in the CNT treatment as 
compared to CC, but similar to ICL. Average P uptake of maize across two years and 
over the reproductive phase of the crop was not significantly impacted by the treatments, 
although the trend of CNT > ICL > CC remained consistent. Magnesium uptake was 
significantly greater in the ICL treatment than CNT and CC treatments. These results 
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suggest that integrating cover crops and grazing into a cropping system increases nutrient 
uptake by maize plants. 




Historically, agriculture in the US was much more diversified and farm size much 
smaller compared to the present time. However due to technological advancements, 
specialized farming took over and since then, most of the research effort has been 
directed towards studying these specialized cropping systems (Hilimire, 2011). The 
adverse environmental effects of such production systems with respect to greenhouse gas 
emissions, soil degradation, and freshwater depletion are expected to increase 50-90% 
from 2010 to 2050 with the anticipated changes in global population and income levels 
(Springmann et al., 2018). Researchers suggest that current mitigation strategies may not 
be sufficient to alleviate the harmful environmental effects of the current food production 
system. Hence, more strategies  are required to increase crop productivity to meet the 
current food demands, without negatively impacting the environment (Wittwer et al., 
2017). Introducing cover crops into the production systems has been considered as one of 
the major components of the conservation practices. The role of cover crops in the 
production systems is however very diverse ranging  from reduction in nitrate leaching 
(Hanrahan et al., 2018) to weed suppression (Baraibar et al., 2018). Planting crop 
mixtures or sole crops in the fall is the primary method of integrating cover crops into the 
rotations of Midwest region of the US, where maize and soybean are the two major cash 
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crops. The major constraint in the adoption of cover crops however is the seed cost of 
cover crops and costs associated with extra trips to the field to plant with no immediate 
economic benefits to the farmers. Studies have also suggested that the economic benefits 
of cover crop cannot be realized unless cover crops are  grazed or compensated for by 
cost share programs (Plastina et al., 2018; Thompson et al., 2020). The economic 
profitability, in the short-term, of integrated crop livestock systems (ICLs) lies in the 
forage value of the cover crops, but the impact of cover crops on the following cash crops 
have shown mixed results even when grazing is involved. Cover crops or grazing cover 
crops reduces (Da Silva et al., 2014), increases (Franzluebbers & Stuedemann, 2014), or 
have no impact on the yield of the following cash crop (Baumhardt et al., 2009).  
Cover crops can sequester soil nutrients into the biomass, rendering the nutrients 
unavailable to the following crops. The practice of growing cover crops is therefore 
helpful in preventing nitrate leaching (Singh et al., 2019). In the Midwest, where freezing 
and snow cover during the winter months is inevitable, the nutrients sequestered by cover 
crops become available to the next crop once the decomposition of the biomass begins in 
the following spring. The amount of nutrients released by the cover crops depends on the 
mineralization rate of the residue of the cover crop. Cover crop residues with high C:N 
ratio such as rye have lower mineralization rates and contribute lower amounts of N and 
P to the following crops. Residue of crops with  low C:N ratio such as legumes, 
mineralize at a faster rate and release higher amount of nutrients to the following crop 
(Murungu et al., 2011; Sievers & Cook, 2018). Integrating livestock grazing into the 
cropping system may alter the pathway of nutrient recycling. The additional rumen 
processing when cover crops are grazed in ICLs, enhances the decomposition of plant 
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material as compared to soil exposed decay (Cicek et al., 2014). In a 3-year study in 
Canada, grazing oat and pea/oat mixture in the first year resulted in significantly higher 
biomass and nitrogen uptake in spring wheat grown the following year as compared to 
tillage-based incorporation of the green manures. Cicek et al. (2015) in a follow up, 
studied the impact of catch crops, planted after grazed green manures, on biomass and N 
concentration of subsequent spring wheat crop. Results of the study suggested that N 
concentration in wheat following catch crops is a function of species. Nitrogen 
concentration and biomass in spring wheat were higher following oilseed radish than 
barley. The ICLs also affect the phosphorus (P) and potassium (K) cycling (Silva, 2012). 
Spatial analysis of the spots receiving manure during the grazing period showed higher 
yield and nutrient concentrations for these elements under ICL. 
Along with the impact of management practices, essential nutrient uptake by 
plants also varies depending on species, genotypes, and phenology. In maize, elements 
like P, S, Zn, and Cu are required throughout the season, while N, K, Mg, Mn, B and Fe 
are taken up by the crop during the vegetative phase (Bender et al., 2013). Previous 
studies on nutrient content and uptake in maize have largely focused on the impact of 
crop management factors such as cultivars (Bender et al., 2013, 2015; Chen et al., 2015), 
plant density and nitrogen rate (Ciampitti et al., 2013). Integrating livestock grazing into 
cropping system impacts nutrient cycling hence uptake. However, the role of ICLs in 
nutrient cycling has been only widely studied with respect to soil quality or crop 
productivity. There is a major research gap when it comes to understanding of how 
biomass and nutrient accumulation is influenced by grazing cover crops in ICLs. 
Therefore, this study was conducted to determine the impact of cover crops and cover 
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crop grazing on the plant growth and nutrient uptake of the following maize crop. We 
hypothesize that nutrient uptake in maize biomass will be higher in treatments with 
grazing than in treatments where the cover crops are not grazed. 
 
4.2. MATERIALS AND METHODS 
4.2.1. Experiment layout 
Field experiments to study the impact of an ICL on biomass production, harvest 
index (HI), and nutrient uptake in maize were conducted from 2018 to 2020 at the 
Southeast Research Farm of the South Dakota State University at Beresford, SD 
(43°02'58" N, 96°53'30" W). The soil at the experimental site was classified as Egan-
Trent silty clay loam (NRCS, 2019) with 1.49 g cm-3 bulk density, pH of 6.18, 27 g kg-1 
SOC, 2.5 mg kg-1 N, 40.58 mg kg-1 P, 307.58 mg kg-1 K, 253.9 mg kg-1 Ca, and 579.58 
mg kg-1 Mg measured in 2017. The experiment was part of a larger study which 
comprised a 3-year oat – maize – soybean rotation and was initiated in 2016. The 
experiment was laid out in complete randomized block design with four replications and 
under no-till rainfed conditions. The treatments were (i) oat/fallow – maize – soybean 
(CNT), (ii) oat/cover crop – maize – soybean (CC), and (iii) oat/cover crop grazing – 
maize with residue razing – soybean with residue grazing (ICL). The previous crop in all 
the three treatments was soybean. Oat was planted on April 3, April 24, and April 16 in 
the year 2017, 2018, and 2019, respectively. For the CNT treatment, oat was harvested in 
late summer and plots left fallow for the rest of the season (Supplementary file, Table 
A1). For the CC and ICL treatments, cover crops were seeded into oat stubble on August 
14, August 8, and August 20 in the year 2017, 2018, and 2019, respectively. Livestock 
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grazing of these cover crops for the ICL treatment was initiated in the fall season on 
November 2, October 25, and November 4 in 2017, 2018, and 2019, respectively. The 
grazing period lasted for 13, 7, and 15 days respectively depending upon the biomass 
availability. Details on management operations performed for maize are provided in the 
supplementary file (Table A2). 
 
4.2.2. Biomass sampling and nutrient analysis 
Plant samples for measuring biomass accumulation and nutrient uptake were cut 
at soil surface level at V8 (vegetative stage 8), R1 (silking), and R6 (physiological 
maturity) from 0.76 m2 area (1-m row; approx. 6 plants) when at least 50% of the plants 
reached the corresponding growth stage. Beginning with the R1 stage in 2019, biomass 
samples collected at reproductive stages were further partitioned into leaves, stalk, 
reproductive parts, and grain as demonstrated in Bender et al. (2013). Fresh plant samples 
were dried at 65°C for 72 hours or until a constant weight was reached and shipped to a 
commercial laboratory (Ward laboratories Inc., Kearney, NE, USA) for nutrient analysis. 
Nutrient analysis was performed for N, P, K, S, Ca, and Mg. To calculate the nutrient 
uptake in the plant tissue, nutrient concentrations of the plant tissue were multiplied by 
the dry weight. The total nutrient uptake in the above ground biomass was estimated by 
adding together nutrient uptake of every plant tissue at the given stage. For estimating the 
harvest index (HI) the dry weight of grain (kg ha-1) was divided by the dry biomass 




4.2.3. Statistical analysis 
Statistical analysis was undertaken using a mixed modeling approach for ANOVA 
in SAS studio (Delwiche et al., 2018) using PROC mixed. For analysis of biomass and 
nutrient uptake data, treatment, year, and growth stage were considered as fixed effects 
while replication was considered as a random effect. Growth stage was omitted from 
analysis of HI, as it was estimated at only one stage (R6). Residuals were tested for the 
assumption of normality using Shapiro-Wilks test (Shapiro & Wilk, 1965) and 
homoscedasticity. Multiple means were compared using LSMEANS procedure provided 





Information on the monthly temperature averages and total monthly precipitation 
for the maize growing season from 2018 to 2020 is presented in Figure 4.1. With respect 
to precipitation, 2018 was the wettest year for maize production with cumulative growing 
season precipitation of 805.4 mm, followed by 2019 with cumulative growing season 
precipitation of 715.5 mm. June and September in 2018  had exceptionally high 
precipitation, while May was the wettest month in 2019. The year 2020 received the 
lowest growing season precipitation (275.1 mm). Comparing the years to long-term 
averages, 2018 and 2019 received higher precipitation, while 2020 was considered as a 
dry year for maize production. With respect to temperature, May was the hottest month in 
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2018, while 2020 remained the hottest year for most months including June, July, 
August, and November when compared to other years and long-term averages. 
 
4.3.2. Biomass and harvest index 
The mean effects of stage and year on plant biomass were significant (P < 0.001) 
while treatment effects were not significant (P = 0.06) (Table 4.1). The interaction 
between stage and year was significant (P < 0.001). The interaction was due to changes 
in maize biomass production with growth stage across years. At the V8 stage maize 
biomass yield was similar in all three years (Figure 4.2). At R1 stage, biomass yield was 
significantly greater in 2018 (13739 kg ha-1), than in 2020 (11283 kg ha-1) and 2019 
(9039 kg ha-1). However, at the R6 stage maize biomass yield for 2020 (20365 kg ha-1) 
was significantly greater than biomass yield for 2018 (19522 kg ha-1) and 2019 (19630 kg 
ha-1). 
Similar to biomass yield, HI of maize was not significantly affected by the 
treatment (Table 4.1). Maximum HI was observed for ICL (0.56) treatment followed by 
CNT (0.54) and CC (0.54) treatments, respectively. Similarly, no significant variation in 
HI was observed over the years.  
 
4.3.3. Nitrogen, Phosphorus and Potassium 
The nitrogen uptake for maize was significantly influenced by treatment (P = 
0.006), year (P = 0.004) and stage (P < 0.001) (Table 4. 2). The highest mean N uptake 
was reported in the CNT (208.3 kg ha-1), with this value significantly greater than N 
uptake for  the CC  treatment (174.8 kg ha-1) but the same as in the ICL treatment (190.6 
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kg ha-1). Nitrogen uptake was higher 2020 (203.8 kg ha-1) as compared to 2019 (178.7 kg 
ha-1) and increased from 166.8 kg ha-1 at R1 to 215.7 kg ha-1 at R6. The main effects of 
treatment and year had no significant effect on P uptake (Table 4.2). However, the 
interaction between year and stage was significant (P= 0.018). This was primarily due to 
significantly different P uptake between years at the R6 stage but with the uptake values 
similar at the R1 stage (Figure 4.3). On average, P uptake increased from 24.0 kg ha-1 at 
R1 stage to 36.4 kg ha-1 at R6 stage. The K uptake in the above ground biomass varied 
significantly among treatments with highest K uptake, averaged over the reproductive 
stages and years, reported in CNT (199.5 kg ha-1), with this value similar to  K uptake in 
the ICL treatment (179.1 kg ha-1) but significantly greater than the  CC treatment (160.4 
kg ha-1) (Figure 4.3). Potassium uptake varied significantly across years with uptake 
higher in the year 2020 (193.4 kg ha-1) as compared to the year 2019 (165.9 kg ha-1). 
Interestingly, the total K uptake averaged across treatments and years, was significantly 
greater at the R1 (199.1 kg ha-1) crop stage, as compared to R6 (160.2 kg ha-1). The 
interaction between year and stage was caused by higher K uptake at the R6 stage in 2020 
as compared to 2019 (Figure 4.3). 
 
4.3.4. Sulfur, Calcium and Magnesium 
The S uptake in above ground biomass varied significantly among treatments and 
between growth stages (Table 4.3). The highest S uptake was observed in the CNT (16.0 
kg ha-1) treatment with this value similar to the ICL treatment (15.0 kg ha-1) but 
significantly greater than the CC treatment (13.7 kg ha-1) (Table 4.3). Like other 
nutrients, S uptake was greater in 2020 (16.6 kg ha-1) than in 2019 (13.2 kg ha-1). The S 
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uptake also increased significantly from R1 (11.2 kg ha-1) to R6 (18.5 kg ha-1) growth 
stage. The interaction between the year and crop stage was significant for S uptake due to 
significant differences in S uptake between the two years at the R6 but not at the R1 stage 
(Figure 4.3). Similarly, Ca uptake varied significantly across the treatments, years, and 
crop stages (Table 4.3). However, unlike S, there was no significant interaction between 
the independent variables for Ca uptake. Again, the CNT treatment had the highest Ca 
uptake (33.4 kg ha-1) similar to the ICL treatment (31.2 kg ha-1) and significantly greater 
than the CC treatment (28.7 kg ha-1). Calcium uptake also followed similar trend like 
other elements, with higher uptake reported in 2020 (33.8 kg ha-1) as compared to 2019 
(28.5 kg ha-1). The Ca uptake was significantly influenced by crop growth stage as well, 
with higher Ca uptake reported at R6 (33.1 kg ha-1), as compared to R1 (29.2 kg ha-1). 
Treatment, year, and crop stage effects for Mg uptake were significant (Table 4.3). The 
ICL treatment (29.1 kg ha-1) had significantly greater Mg uptake than the other two 
treatments. Similar to other years, Mg uptake was higher in 2020 (31.3 kg ha-1) as 
compared to 2019 (22.3 kg ha-1). Also, Mg uptake increased significantly from R1 (23.9 
kg ha-1) to R6 (29.7 kg ha-1) growth stage. The interaction between year and crop stage 
was significant. In 2020, Mg uptake increased from R1 to R6, however in 2019, there 




Significant variation for the measured traits occurred across the treatments, 
between the growth stages, and from year to year. Apart from the treatments, change in 
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maize hybrids, growing season weather conditions and management practices may also 
have contributed to the variation in biomass accumulation of maize. The effect of year of 
production can have a significant impact due to the temperature and precipitation regimes 
of the growing season. In this particular study, weather played a significant role, as 
regression analysis showed a significant (P < 0.001) linear relationship between GDD 
and biomass yield (R2 = 0.86) (Figure 4.5). The reason for differences in biomass yield 
between years is also likely to be due to the amount of seasonal precipitation, i.e. rainfall 
received from planting until harvest. Higher seasonal precipitation was received in 2018 
than in 2019 and 2020 (Figure 4.1), which may have resulted in higher biomass 
accumulation early in the growing season. This may explain why biomass yield was 
greater at  R1 stage in 2018  compared to other years. Bender et al., (2013) and Chen et 
al., (2015) compared old-era and modern-era maize hybrids and reported that  genotypic 
differences were the primary reasons for differences in dry matter accumulation and HI 
between the two groups. The maize hybrids used in this study had almost identical 
relative maturity and were modern era hybrids, hence genotypic differences were not an 
issue.  
The effect of growth stage on the maize biomass yield and nutrient uptake was 
significant. Bender et al. (2013), Ciampitti et al. (2013), and Ciampitti & Vyn (2013) 
studied the maize biomass accumulation and nutrient uptake at different growth stages. 
Similar to the current study, they reported that N and P uptake increased from R1 to R6 
crop growth stages. Although cover crops without grazing have been reported to alter P 
recycling in a cover crop – maize rotation depending on the species (Pavinato et al., 
2017), in the current study neither CC nor ICL treatments impacted P uptake of maize.  
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Cicek et al., (2014) reported no significant impact of grazing on soil P up to a depth of 30 
cm, and this likely would result in no variation in P uptake in above ground biomass 
supporting the current results. However, in the current study, K behaved differently, with 
K uptake greater at the R1 stage than at the R6 stage. The likely explanation for lower K 
uptake at R6 is that almost all K accumulation occurs in the vegetative stage, prior to 
silking (Bender et al., 2013; Ciampitti et al., 2013). Thus, the concentration of K in the 
tissues decreases as the total biomass increases later in the growing season.  
Maize requires season long supply of S, meaning Sulfur uptake is continuous 
during the growing season ( Bender et al., 2013). This supports the observation in the 
present study of a significant increase in S uptake from the R1 to the R6 growth stage. 
Somewhat similar to K, approximately 90 % of Ca uptake is completed before silking 
(Ciampitti & Vyn, 2013). However, unlike what was observed for K uptake in the current 
study, plant Ca uptake increased from R1 to R6. Calcium is not mobile in plants meaning 
the element is not moved from one part of the plant to the other (Ciampitti & Vyn, 2013). 
Not surprisingly, the difference in Ca uptake between R1 and R6 stages although 
significant, was much lower compared to more mobile nutrients. On the other hand, Mg 
plant uptake pattern closely resembles that of N uptake (Ciampitti et al., 2013; Ciampitti 
& Vyn, 2013). Bender et al., (2013) suggested that approximately 66% of the Mg uptake 
takes place before flowering. 
Integrating livestock whether into croplands or pastures is usually considered to 
improve nutrient recycling through the addition of manure/organic matter to the soil 
during the grazing period. However, most of previous research studies on nutrient 
recycling through livestock grazing have focused on the impact of grazing on  soil 
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properties (Landblom et al., 2016; Lenssen et al., 2013; Liebig et al., 2012). Very limited 
studies focus on the impact of grazing on nutrient uptake in the above ground biomass; 
and further, those limited studies emphasize only on a few nutrients, especially N (Cicek 
et al., 2014). The results from this study suggest that for all the measured nutrients (with 
the exception of P), the grazing of cover crops increased nutrient uptake in plant biomass, 
to levels similar to the control and greater than when cover crops were not grazed 
suggesting that grazing improved nutrient availability to maize plants. Cover crops 
sequester nutrients from the soil, thus making them less available for the subsequent crop. 
Grazing cover crops likely enhances nutrient mineralization in two ways;  a) rumen 
processing of the dry matter into manure, helps make nutrients more readily available for 
the subsequent crop (Cicek et al., 2014), and b) grazing reduces cover crop biomass 
during fall ultimately reducing the amount of nutrients sequestered. This is supported by 
previous research. Growing cover crops with no grazing scavenged and sequestrated 
nutrients (Wells et al., 2013) and also used some of the soil moisture, limiting soil water 
content (Reese et al., 2014) and hence nutrient uptake. Grazing cover crops on the other 
hand, reduces biomass accumulation and therefore soil moisture demand by cover crops. 
Lower biomass production by cover crops also means higher rate of mineralization 
making the nutrients available for uptake by the crop.  Fontaine et al., (2020) reported 
that anaerobically digested cover crops did not enhance the inorganic S supply of the soil, 
however undigested cover crops when applied to soil reduced the inorganic S availability 
supporting the above reasoning. Only Mg uptake in the biomass was significantly higher 
in the ICL treatment, as than in the CC treatment. The reason for this is not clear as there 





These results suggest that biomass and nutrient accumulation by maize are 
significantly impacted by the growing conditions and other management practices. 
Nutrient uptake in maize biomass was greater when cover crops were not included in the 
rotation or where cover crops were included and grazed than where cover crops were not 
grazed.  This suggests that cover crop grazing improved nutrient availability to plants. 
We believe this was achieved through a) the rumen processing of the plant material into 
manure which has a higher mineralization rate, b) grazing reduces cover crop biomass 
and therefore increases mineralization and hence nutrient availability,  c) cover crops in 
the non-grazed treatment use most soil moisture and nutrients and therefore reduced 
nutrient availability to the following crop and d) all or a combinations of the above 
factors were in play. Overall, grazing cover crops may help achieve a balance between 
the various ecosystem services provided by the cover crops, without sacrificing nutrients 
for the subsequent crop. For example, grazing may be used to manage water use by cover 
crops in semiarid environments where adverse effects of cover crops on soil moisture is 
of major concern. The current study explored nutrient uptake with respect to above 
ground biomass at only two reproductive stages but still fulfils a key missing piece of 
knowledge related to nutrient recycling under ICLs. Future studies should investigate 
nutrient accumulation, not only in plant biomass but also in root systems, and availability 
of nutrients in soil at different time periods during the growing season to present a whole 
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Table 4.1. ANOVA table for biomass yield (kg ha-1) and harvest index of maize grown at 
SDSU Southeast Research Farm, Beresford, SD from 2018-2020. 
Source of variation Biomass 
(kg ha-1) 
Harvest index 
 ----------------P > F---------------- 
Treatment 0.08 0.78 
Stage <0.001 --- 
Year <0.001 0.75 
Treatment × Stage 0.09 --- 
Treatment × Year 0.74 0.98 
Stage × Year <0.001 --- 






Table 4.2. ANOVA table for nitrogen (N), phosphorus (P), and potassium (K) uptake of 







Treatment    
CNT† 208.3 a 32.4 199.5 a 
CC 174.8 b 28.8 160.4 b 
ICL 190.6 ab 29.4 179.1 ab 
    
Year    
2019 178.7 b 28.9 165.9 b 
2020 203.8 a 31.5 193.4 a 
    
Stage    
R1 166.8 b 24.0 b 199.1 a 
R6 215.7 a 36.4 a 160.2 b 
    
F-test    
Treatment (T) 0.006 ns 0.009 
Year (Y) 0.004 ns 0.008 
Stage (S) <0.001 <0.001 <0.001 
T × Y ns ns ns 
T × S ns ns ns 
Y × S ns 0.018 0.016 
T × Y × S ns ns ns 
†Means within the same column followed by different small letters are significantly 
different for each variable at P < 0.05. 






Table 4.3. ANOVA table for sulfur (S), calcium (Ca), and magnesium (Mg) uptake of 







Treatment    
CNT† 16.0 a 33.4 a 26.0 b 
CC 13.7 b 28.7 b 25.2 b 
ICL 15.0 ab 31.2 ab 29.1 a 
    
Year    
2019 13.2 b 28.5 b 22.3 b 
2020 16.6 a 33.8 a 31.3 a 
    
Stage    
R1 11.2 b 29.2 b 23.9 b 
R6 18.5 a 33.1 a 29.7 a 
    
F-test    
Treatment (T) 0.026 0.023 0.033 
Year (Y) <0.001 <0.001 <0.001 
Stage (S) <0.001 0.005 <0.001 
T × Y ns ns ns 
T × S ns ns ns 
Y × S <0.001 ns 0.018 
T × Y × S ns ns ns 
†Means within the same column followed by different small letters are significantly 
different for each variable at P < 0.05. 
































































Figure 4.2. Effect of growth stage and year on biomass production (kg ha-1) at SDSU 
Southeast Research Farm, Beresford, SD. Letters above bars represent significant 

































Figure 4.3. Phosphorus, potassium, and sulfur content (kg ha-1) in the above ground 
maize biomass across growth stages in given years at SDSU Southeast Research Farm, 
Beresford, SD. Letters above bars represent significant differences due to year within 







































































Figure 4.4. Magnesium content (kg ha-1) in the above ground maize biomass across years 
at given growth stages at SDSU Southeast Research Farm, Beresford, SD. Letters above 



























Figure 4.5. Relationship between growing degree days and biomass accumulation of the 
maize grown at SDSU Southeast Research Farm, Beresford, SD. 
 
  

























 SIMULATION OF MAIZE AND SOYBEAN YIELD USING DSSAT UNDER 
LONG-TERM CONVENTIONAL AND NO-TILL SYSTEMS  
ABSTRACT 
No-tillage (NT) has been gaining popularity over conventional tillage (CT) in the 
past few decades for enhancing the crop production. However, field experiments 
conducted worldwide to compare the crop production under NT vs. CT systems are 
generally site specific and expensive to maintain over long periods of time. To overcome 
this research gap, process-based crop models have been used to simulate the impacts of 
various management practices on crop yield and soils under different environmental 
conditions. Thus, the objectives of this study were to (i) evaluate the Cropping System 
Model (CSM)- CERES-Maize and CSM-CROPGRO-Soybean model for NT and CT 
systems, and (ii) compare the long-term impacts of NT and CT on crop yield and soil 
organic carbon (SOC). The two crop models, available in the Decision Support System 
for Agrotechnology Transfer (DSSAT), were calibrated and evaluated using maize (Zea 
mays L.) and soybean (Glycine max L.) yield data from 2006 through 2011 for CT and 
NT treatments. Simulation data showed that for the comparison of crop yield, the 
coefficient of determination values for calibration and evaluation phases of CERES-
Maize model were 0.94 and 0.94, respectively. Similarly, the coefficient of determination 
values for calibration and evaluation phases of CROPGRO-Soybean model were 1.00 and 
0.65, respectively. The results from long-term (30-yr) simulations suggest that compared 





Keywords: CERES-Maize, CROPGRO-Soybean, Tillage, South Dakota, Crop modeling, 
DSSAT, Soil carbon. 
 
5.1 INTRODUCTION 
The Food and Agriculture Organization (FAO) has estimated that more than 820 
million humans across the world face food shortages (FAOSTAT, 2017). To address the 
growing global demand for food, sustainable measures that aim to minimize negative 
impacts on the environment need to be identified (Hobbs, 2007). Traditionally, tillage has 
been a common practice used by producers across the world for planting the crops. 
However, tillage increases soil organic matter decomposition to provide nitrogen to 
plants, favors easier planting and weed control (Triplett & Dick, 2008). The adverse 
effects of intensive tillage practices surfaced during the dust bowl of 1930s (Hobbs, 
2007). These adverse effects have been widely studied throughout the world under 
different environmental conditions (Barbera et al., 2012). Many researchers have found 
that tillage has a negative effect on the stability of soil structure (Munkholm & 
Schjønning, 2004; Watts, Dexter, & Longstaff, 1996; Watts, Dexter, Dumitru, et al., 
1996), porosity (Eden et al., 2011; Schjønning et al., 2007), and making soil vulnerable to 
wind erosion. Heavy machinery used for tillage has led to soil compaction and 
degradation of the soil structure (Schjønning et al., 2012). Therefore, reducing the tillage 




Reducing the tillage operations can enhance soil organic matter, microbial 
biomass and diversity (de Moraes Sá et al., 2015; Laudicina et al., 2011). Reducing 
tillage intensity, in general, enhances soil quality, C sequestering potential, and lowers 
carbon losses (Álvaro-Fuentes et al., 2008; Barbera et al., 2012; Laudicina et al., 2014). 
Irrespective of the tillage practices, different cropping systems play an important role in 
improving soil organic carbon (SOC). A reduction in tillage intensity coupled with crop 
diversification enhances the C sequestration potential of soil (Al-Kaisi et al., 2005) and 
reduces CO2 emissions (Laudicina et al., 2014). Despite the fact that crop management 
without any tillage operations offers several advantages over tillage, mixed results have 
been observed during the field studies. Several factors influence crop yield ranging from 
soil properties to management operations, which can have very serious repercussions. 
Thus, careful selection of management operations can help achieve the desired goal of 
sustainability for crop yield and soil health in the coming decades.  
Maintaining long-term field trials can be economically expensive and laborious, 
but with the advancement in technology, crop simulation models can help addressing the 
complex problems of selecting management operations faced today. The Decision 
Support System for Agrotechnology Transfer (DSSAT) is a suite of crop simulation 
models that function on the plant-soil-atmosphere dynamics to predict crop, soil and 
hydrological outputs under various weather and soil conditions (Hoogenboom et al., 
2018; Jones et al., 2003). DSSAT can be used for estimating production, resource 
utilization and risk assessment for various production systems (Jones et al., 1998; Tsuji et 
al., 1998). This model has been used worldwide for multiple environmental conditions 
and crop management practices to simulate the crop yield (Timsina et al. 2008; Li et al. 
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2015; Soler et al. 2011; Singh et al. 1999; Adhikari et al. 2017; Singh et al. 2019). 
Although, crop models used to simulate crop growth in DSSAT are powerful tools, a 
systems approach needs acute assessment of how management practices alter the soil 
processes over long periods of time (Bowen et al., 1998). The advantage of using DSSAT 
in crop modeling is the cropping sequence module, which enables the simulation of 
diverse crop rotations over long periods and aid in assessing site specific impacts of 
various management practices (Thornton et al., 1995). For simulating soil organic matter 
and residue dynamics, DSSAT is equipped with the CERES-Godwin (Godwin & Singh, 
1998) and CENTURY-Parton modules (Parton et al., 1988, 1994). The CERES-Godwin 
utilizes the PAPRAN model which was developed for small grains and pastures and does 
not recognize the residue layer formed on the top soil (Seligman & van Keulen, 1980). 
However, the CENTURY model recognizes the residue layer and is more effective in 
simulating carbon, nitrogen, phosphorus and sulfur under various production systems 
(Gijsman et al., 2002).  
To simulate diverse crop rotations, predict future yield, and evaluate alternate 
management operations, the crop simulation models first need to be evaluated for the 
specific site or region with measured data (Adhikari et al., 2017; Hunt & Boote, 1998). 
Maize – soybean is the traditional crop rotation followed in South Dakota with more than 
5 million ha for each crop being planted in 2018 (USDA-NASS, 2018). Considering the 
advantages of no-tillage (NT) over conventional tillage (CT) with respect to crop yield 
and soil quality, the present study was conducted with the aim of addressing the 
following objectives to: (i) evaluate the performance of CSM-CERES-Maize and CSM-
CROPGRO-Soybean modules by using the CENTURY-based soil organic matter module 
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for simulating SOC under maize-soybean rotations, and (ii) study the sensitivity of maize 
and soybean yield to conventional chisel plow and no- tillage management practices. 
 
5.2 MATERIALS AND METHODS 
5.2.1. Study site, treatments, and long-term data 
 The experimental site is located at Southeast Research Farm of the South Dakota 
State University, Beresford, SD (43°02'58" N, 96°53'30" W). The experiment 
commenced in 1991 to study the effect of tillage operations and crop rotations on crop 
yield and soil properties. The soil at the experimental site was classified as Egan soil 
series (Fine-silty, mixed, super active, mesic Udic Haplustolls) (NRCS, 2018). The plots 
were established on flat areas that have a slope of less than 1%. The experiment consists 
of two tillage systems: (i) no-tillage (NT) and (ii) conventional (chisel plow) tillage (CT) 
managed with a 2-yr maize – soybean rotation. These study treatments were laid out in a 
randomized complete block design with four replications. Plots under CT were tilled with 
a chisel plow in the fall at a depth of approximately 20 cm, and in the spring a field 
cultivator was used up to a depth of approximately 10 cm. In these treatments, maize and 
soybean crops were planted during the summer at a row spacing of 76 cm (30 inches). 
The seeding rate for soybean was fixed at 400,000 seeds per hectare and for maize, it was 
75,000 seeds per hectare. The planting date for maize ranged from April 23 to June 8, and 
for soybean ranged from May 2 to June 21, depending upon the weather. For fertilization, 
N and P were supplied to the maize crop depending on the site-specific 
recommendations. The complete experimental setup has been described in detail by 
Alhameid et al. (2017). The weather data for the South Dakota State University Southeast 
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Research Farm for the period from 2003 to 2011 were obtained from the South Dakota 
State Mesonet Database (2019). 
 
5.2.2. DSSAT model 
5.2.2.1. Model input 
For simulating crop growth and yield for this study, the CSM-CERES-Maize and 
CSM-CROPGRO-Soybean models were used along with the CENTURY module for the 
soil organic matter in the DSSAT (4.7.2) (Hoogenboom et al., 2018). As part of 
minimum data set required for functioning of the simulation modules, the data on 
management operations, soil profile characteristics, daily weather, and cultivar selection 
were entered into DSSAT. For crop management, the planting date, planting method, 
planting distribution, plant population, row spacing, and planting depth were used 
separately for each crop, and a fallow period during the winter period was included as a 
part of the rotation. Similarly, there was a fallow period which started in the fall of 2003 
followed by planting of a new crop in the spring of 2004. 
For comparing the tillage operations (CT) in DSSAT, the chisel plow was used to 
a depth of 20 cm in fall after crop harvest and a cultivator to a depth of 10 cm in the 
spring prior to planting. In DSSAT, these operations were performed during the fallow 
period. For the NT, the tillage was not included for simulating the crop rotation. For both 
maize and soybean, only 10% of biomass under NT system was harvested and the 
remainder of the crop residue was carried forward to the next season. WeatherMan, a 
weather data utility program of DSSAT (Pickering et al., 1994) was used to process all 
the weather data from 2003 to 2011 for this study. DSSAT requires minimum and 
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maximum temperature (°C), precipitation (mm) and solar radiation (MJ m-2) on a daily 
basis. Soils data required for DSSAT were obtained from the NRCS soil survey site 
(NRCS, 2018). The soil profile data on basic soil physical and chemical characteristics is 
presented in Table 5.1. 
Simulations for 9 years (2003-2011) were conducted in the DSSAT sequence 
analysis mode for a continuous simulation of the soil water and nutrient dynamics 
(Bowen et al., 1998; Thornton et al., 1995). Four management files (.SQX) were set up 
for the experiment, two with tillage and two without tillage. The rotation for two files 
started with maize and soybean in 2003 and 2004, respectively (CS rotation), while for 
the other two files, the rotation started with soybean and maize in 2003 and 2004, 
respectively (SC rotation). The data on cropping sequence along with treatments are 
provided in Table 5.2. The focus of the study was to evaluate model performance for 
simulating crop yield. For the tillage treatments, the soil organic matter module increases 
the organic matter decomposition rate by 1.6 times that of the NT and also redistributes 
the organic matter up to the tillage depth, while for  the NT treatment the model treats the 
residue as a mulch layer (Porter et al., 2010). 
 
5.2.2.2. Calibration and evaluation 
The parameters for any model need to be adjusted so that an acceptable fit 
between the observed and simulated data is achieved.  In DSSAT, the cultivar 
coefficients were estimated for calibration. These coefficients were further evaluated 
against the observed data to check their accuracy. The simulated growth stages for each 
crop are dependent on these coefficients and therefore important to determine the cultivar 
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coefficients prior to simulating final yield. The cultivar coefficients were determined with 
experimental data for the years that had minimum environmental stress during maize and 
soybean production. Simulations were made from 2003 - 2011 and a subset of years 2006 
- 2011 consisting of both treatments were used for model calibration and evaluation. The 
initial three year time period from 2003 – 2005 was used as a warm-up period for models 
(Adhikari et al., 2017). Initially, crop growth parameters were estimated using the GLUE 
program (Jianqiang He et al., 2010) of DSSAT (Hoogenboom et al., 2018). However, the 
parameters were refined manually for the above-mentioned subset of years, when the 
whole crop rotation was simulated. The CERES-Maize model was calibrated for crop 
yield for 2009 and 2011 (n = 4) and evaluated for crop yield from 2006 to 2008 and 2010 
(n = 8). Similarly, the CROPGRO-Soybean model was calibrated for grain yield for 2006 
and 2007 under NT and CT treatments (n = 3), while grain yield for 2008 to 2011 was 
used for evaluation of the model (n = 8).  
 
5.2.2.3. Model Application: Long-term simulations 
The initial simulations compared the crop yield for NT and CT treatments from 
2003-2011. However, the calibrated model was used to simulate long-term (30 years) 
crop production under NT and CT. The CT-CS and NT-CS rotations were compared 
using the in-built weather generator module WGEN (Richardson & Wright, 1984), by 
simulating crop yield for 30 years (2003-2032) with 30 realizations. The WGEN weather 
generator generated daily weather data, for the time period, by extracting climate 
parameters for the experiment using 15 years of historical weather data. The climate 
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parameters from the historical weather data were calculated with the Weatherman utility 
program (Pickering et al., 1994).  
 
5.2.3. Statistical analysis 
Since each estimated statistic has its own limitations for evaluation of model 
performance, a number of statistics were estimated so that a representative inference 
could be obtained (Yang et al., 2014). Simulated maize and soybean yield was compared 
with the observed yield to calculate coefficient of determination (R2) (Legates & McCabe 
Jr, 1999), percent relative root mean squared error (RRMSE expressed as percentage of 
mean observed data) and mean error (E) (Addiscott & Whitmore, 1987; Yang J. et al., 
2000). For the current study, the coefficient of determination, R2 ≥ 0.75 was considered 
as good agreement; and 0.75 ≥ R2 ≥ 0.50 as average. Due to the lack of any particular 
rule for inferring % RRMSE, we considered % RRMSE ≤ 15% as good fit, 15-30% as 
moderate and ≥ 30% as poor (Liu et al., 2013). The aim of the experiment was to 
maximize R2 and d, while minimizing %RRMSE and E. The statistical analysis was 
conducted using the package hydroGOF (Zambrano et al., 2011) in RStudio 1.1.453 
(RStudio, 2015). 
 
5.3. RESULTS AND DISCUSSION 
5.3.1. Calibration and Evaluation 
The model calibration using grain yield was carried out for the minimum stress 
years of production for both maize and soybean. The calibration of CSM-CERES-Maize 
was done by adjusting five cultivar coefficients that govern the reproductive and 
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vegetative stages of the crop. Similarly, the CSM-CROPGRO-Soybean model was 
calibrated by adjusting twelve cultivar coefficients. Cultivar coefficients governing crop 
development were adjusted prior to those governing the crop yield.  The calibrated 
coefficients, along with the default values are provided in Table 5.3. The changes in 
cultivar coefficients can also be attributed to diverse weather conditions across the years 
and change in planting dates. 
The CSM-CERES-Maize model was calibrated using crop yield for 2009 and 
2011. The simulated and observed data showed excellent agreement with R2 = 0.94, 
%RRMSE = 12.2 % and E = -384.3. Also, CSM-CERES-Maize evaluation was done 
using yield data for 2006 to 2008 and 2010. Similar to the calibration results, the model 
evaluation depicted a good agreement between the simulated and observed maize yield 
with R2 = 0.94, %RRMSE = 25.0% and E = 1766.5 (Table 5.4). 
 Likewise, the CSM-CROPGRO-Soybean model was calibrated using soybean 
yield under NT for 2006 and 2007 and CT treatment for 2007. A strong agreement was 
observed between the simulated and observed yield with R2 = 1.00, %RRMSE = 1.3% 
and E = 28.3. The evaluation period for the CROPGRO-Soybean model was from 2008 
to 2011, and data from the NT and CT treatments was used for this purpose. The 
statistical parameters depicted a good agreement for the evaluation period between the 
observed and simulated soybean yield with R2 = 0.65, %RRMSE = 12.5% and E = -183.1 
(Table 5.5). 
Based on the calculated statistical parameters, it can be concluded that the CSM-
CERES-Maize and CROPGRO-Soybean models can simulate crop yield under NT and 
CT for two-year maize – soybean rotation. Despite a decent model performance, the 
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variation between observed yield and simulated model output can be attributed to any 
stress induced by insect pest or disease. Moreover, weed pressure was not considered 
during the simulations. Therefore, model overpredicted the crop yield. The model 
predictions from the current study were similar to those of other simulation studies (e.g. 
Liu et al., 2013). 
 
5.3.2. Simulations: 2006 - 2011 
5.3.2.1. Simulated Yield   
For the calibration and evaluation period (2006-2011), the NT treatment 
performed slightly better than the CT with respect to crop yield. The average maize yield 
for the NT treatment was 10,171 kg ha-1, ranging from 5,198 kg ha-1 to 13,414 kg ha-1, 
whereas, the average maize yield under CT over the years was 9,823 kg ha-1, ranging 
from 5868 kg ha-1 to 13538 kg ha-1. For soybean under NT, the mean simulated yield was 
2,925 kg ha-1 with a minimum of 2,759 kg ha-1 and a maximum of 3,215 kg ha-1, whereas, 
the mean soybean yield for CT was 2,625 kg ha-1, ranging from 1693 kg ha-1 to 3199 kg 
ha-1. The simulated crop yield was almost similar at the starting year of simulations i.e. 
2003 for both CT and NT systems, as they remained unaffected by one cycle of tillage.  
Most of the soil characteristics take a longer time to change according to the management 
practices, which could be attributed as one of the reasons for no difference between the 
two tillage treatments during the initial years. Simulated yield for most of the remaining 
years were higher under NT as compared to the CT. Also, tillage has transient effect 
during the simulations (Porter et al., 2010). Therefore, small cumulative changes during 
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the tillage operations may require simulations over a longer period than the duration of 
this study.  
Simulated yield for maize was slightly higher than the observed for most of the 
evaluation years for both the tillage treatments, and the %RRMSE for the evaluation 
period remained as 25%. The variation in simulated yield for soybean was lower as 
compared to the maize. Simulated yield was higher in 2009 for the CT and NT 
treatments. However, the %RRMSE for the evaluation period remained fair at 12.5%. 
Considering the %RRMSE for the evaluation periods, the simulated yield provided a 
good fit against the observed yield and hence, the evaluation showed that the CSM-
CROPGRO-Soybean and CSM-CERES-Maize can be used for simulation maize – 
soybean cropping systems.  
 
5.3.2.2. Simulated Soil Organic Carbon  
The major effect of tillage practices could be observed in the SOC. The tillage 
practice during the fall was applied up to a depth 20 cm using the chisel plow and up to a 
depth of 10 cm during spring prior to planting. As part of simulating the soil organic 
matter balance, the CENTURY modules recognized the residue layer and this layer was 
left on the soil surface for the NT treatment. However, for the CT treatment, this residue 
or mulch layer was being incorporated up to the depth of tillage. The initial SOC stock in 
top layer (0-20 cm) for all the four treatments was similar at 58,390 kg ha-1; therefore, 
any changes in the organic carbon can be attributed to the changes in management or 
tillage treatments. While comparing the two tillage treatments, SOC was higher for the 
NT irrespective of the rotation (Figure 5.1). A sharp decline in the SOC can be observed 
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immediately following the fall tillage treatment, whereas, SOC remained almost constant 
for the NT treatment. Maize residue contributed more to the SOC than the soybean 
because of the higher biomass production. Hence, SOC up to 20 cm soil depth was found 
higher in CS rotation than the SC rotation because the CS rotation included five crops of 
maize from 2006 to 2011, whereas, the SC rotation included four crops of maize. In the 
DSSAT simulations, tillage boosts the soil organic matter decomposition rate temporarily 
for 30 days following tillage (Gijsman et al., 2002; Porter et al., 2010). In addition, the 
organic matter left on the surface had a lower decomposition rate when tillage was not 
practiced. This helped in the slow buildup of SOC due to a lower mineralization rate. The 
NT practice has been reported to increase SOC up to 30% as compared to the CT 
(Kennedy & Schillinger, 2006). The simulated results depicted an increase in SOC under 
NT and are in accordance with the field experiments conducted to study the impact of 
tillage on SOC (Alhameid et al., 2017). 
 
5.3.2.3. Simulated Extractable water 
No-till has been suggested to be a better management practice for conserving soil 
moisture. Several studies have shown an improved infiltration rate and hydraulic 
conductivity under NT treatments as compared to the CT (Kahlon et al., 2013). Higher 
SOC, higher porosity and lower bulk density can be the possible reasons for higher 
infiltration under NT compared to that under CT. Higher infiltration under NT can be 
inferred as higher soil moisture being extracted by crops under this system as compared 
to the CT (Figure 5.2). The initial extractable (plant available) water at the onset of 
simulation date for all the treatments was 195 mm. Since all four treatments received the 
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same amount precipitation, the extractable water for NT was higher than for the CT 
treatment, irrespective of the rotation. The reason for the larger amount of plant available 
water could be the residue layer formed on the surface in the NT treatment. The surface 
residue layer decreased the runoff and increased the surface storage capacity. Higher 
organic matter as result of NT also aided in increasing the water holding capacity of the 
soil (Porter et al., 2010). The residue layer hindered the direct sunlight and reduced the 
soil evaporation losses resulting in more water being infiltrated into the soil profile. 
Therefore, during the growing season, the NT treatment had a lower soil evaporation as 
well when compared to the CT (Lal et al., 2007). Thus, NT reduced evaporation losses 
and helped in increasing plant available water (Lamm et al., 2013).  
 
5.3.2.4. N fixation and N uptake: Simulated content 
Simulating the amount of N fixed during the soybean phase of the rotation can be 
considered important to the sustainability of the rotation. NT management promoted N-
fixation compared to the CT, which can also be inferred from the simulated data (Figure 
5.3a). The soil profile remained undisturbed in the NT management as compared to the 
CT and favored higher N fixation by the microbial community (Okoth et al., 2014). From 
2006-2011, nitrogen fixation by soybean under NT varied from 151 kg ha-1 to 217 kg ha-
1, whereas, it ranged from 129 kg ha-1 to 210 kg ha-1 under CT treatment. In addition, 
nitrogen uptake during the maize and soybean phases was higher for NT than for the CT. 
Average nitrogen uptake for maize under NT (2006-2011) was found to be 256 kg ha-1 
ranging from 234 kg ha-1 to 283 kg ha-1, while the mean nitrogen uptake for maize under 
CT was 254 kg ha-1 ranging from 236 kg ha-1 to 288 kg ha-1. Similarly, nitrogen uptake 
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by soybean (2006-2011) averaged 79 kg ha-1 varying from 49 kg ha-1 to 133 kg ha-1 under 
NT treatment. For the CT treatment, mean nitrogen uptake by soybean was estimated to 
be 74 kg N ha-1, with a minimum of 46 kg N ha-1 and maximum of 115 kg ha-1. The 
simulation time for calibration and evaluation period might be insufficient, thus it would 
be worthwhile to observe N uptake for a longer simulation period (Figure 5.3b & 5.3c). 
 
5.3.3. Model Application: Sequential Cropping Systems 
 5.3.3.1. Long-term simulations 
The weather generator WGEN allows the generation of daily weather data that 
represent local climatology. These generated weather datasets can be used to assess long-
term trends in crop production with respect to management practices. The climate 
parameters for the location were estimated using 15 years of historical daily weather data 
(Soltani & Hoogenboom, 2003). To obtain a fair estimate of the performance and 
associated uncertainty to weather variability of the two management practices over long-
term, the simulations were conducted with 30 replications of generated weather data. 
 
5.3.3.2. Crop yield 
Simulated crop yield based on the generated weather data indicated a slight 
benefit for the NT over the CT. Both the maize and soybean crops performed better under 
NT treatment for 30 years (hypothetical years 2003 to 2032; Figure 5.4). The average 
maize yield under NT for 30 years was 8,309 kg ha-1 ranging from 7,078 kg ha-1 to 9,258 
kg ha-1, while under CT, the average maize yield was 6,809 kg ha-1 ranging from 5,343 
kg ha-1 to 8,204 kg ha-1. The average soybean yield under NT was 2,517 kg ha-1 ranging 
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from 2,278 kg ha-1 to 2,803 kg ha-1. In case of CT, the average soybean yield was 2,032 
kg ha-1 with minimum reported at 1,657 kg ha-1 and maximum of 2,281 kg ha-1. The NT 
performed better than CT for all years. A similar increase in yield of maize has been 
reported in China, where, maize yield was 1.4% higher under NT as compared to the CT 
(Jin He et al., 2011). Studying the economic aspects of CT and NT production systems 
may help with reaching a better decision when deciding the adaptation of a system.  
A number of possible reasons such as higher soil organic carbon (discussed in the 
next section) could be attributed for the enhanced yield for the NT production system. 
Most of the NT advantages discussed during the calibration and evaluation phase 
followed a trend for the long-term simulations. These small cumulative effects could 
have resulted in yield improvements and biomass production under NT. A glance at the 
seasonal runoff for 30 years indicated that the average simulated seasonal runoff under 
the NT system was 11.8 mm ranging from 2.1 to 36.9 mm, and it was 18.2 mm ranging 
from 7.7 to 31.2 mm under CT system (Figure 5.5). Lower surface runoff suggested that 
lower percent of precipitation was lost towards surface runoff (Singh et al. 1999). The 
seasonal runoff was higher for NT as compared to CT only for the first year of the 
simulation.  
 
5.3.3.3. Soil organic carbon 
As discussed during the calibration and evaluation phases, the SOC up to 20 cm 
depth was higher in NT compared to the CT. Similar trends were observed in the long-
term simulations. The SOC for the 20 cm depth was averaged over 30 realizations and the 
variation between the two treatments depicted for SOC could be considered significant 
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(Figure 5.6). This suggests that SOC was enhanced through no-till management of 
residue. The lower decomposition rate of soil organic matter indeed helped build up the 
SOC. Higher SOC in the soil leads to higher soil aggregate stability, which makes the soil 
less vulnerable to any kind of erosion. No-till practices have been found to increase soil 
aggregate stability as compared to CT (Mikha & Rice, 2004). 
 
5.3.3.4. Crop performance 
The simulated maize-soybean production system is rainfed and thus uses 
precipitation as a source for soil moisture without any supplemental irrigation. The 
relationship between precipitation and yield or dry matter production for both maize and 
soybean are shown in figure 5.7. The average yield and dry matter produced per unit of 
rainfall for maize under NT were 21.8 and 50.9 kg ha-1, respectively, as compared to 17.9 
and 43.9 kg ha-1 under CT, respectively. The average yield and dry matter production per 
unit rainfall for soybean under NT were 11.2 and 19.3 kg ha-1, respectively; and under CT 
these values were 8.7 and 15.8 kg ha-1, respectively. This relation can also be explained 
by the fact that evapotranspiration losses were lower under NT which were discussed 
earlier; as a result, yield or dry matter production per unit evapotranspiration (kg ha-1 
mm-1) for maize and soybean was higher under NT as compared to the CT (Figure 5.8). 
The average maize yield and dry matter production per unit ET under NT were 19.9 and 
45.8 kg ha-1 mm-1, respectively, as compared to 15.8 and 38.2 kg ha-1 mm-1 under CT. 
Similarly, for soybean, the average yield and dry matter production per unit ET under NT 
were 11.8 and 20.0 kg ha-1 mm-1, respectively, as compared to 7.7 and 13.8 kg ha-1 mm-1 





DSSAT performed fairly well in predicting the long-term crop yield for a 2-yr 
maize-soybean rotation under NT and CT. Maize and soybean yield was higher in NT as 
compared to the CT. Long-term simulations indicated that NT was better with respect to 
crop productivity and SOC build up. Overall, the crop yield data collected at the 
Southeast Research Farm of the South Dakota State University proved to be beneficial in 
evaluating the CSM-CERES-Maize and CSM-CROPGRO-Soybean for the most 
prevalent crop rotation in eastern South Dakota, and the DSSAT model holds enormous 
potential in modelling crop growth and yield at the regional level. The present simulation 
study suggests that application of no-till can be beneficial for enhancing the soils and 
crop production in the long-term as compared to the conventional-till system. 
 
Acknowledgement 
This work was supported by the United States Department of Agriculture-NIFA, 
Coordinated Agricultural Projects (CAP) (Award no. 2016-68004-24768) and the project 
entitled “Back to the future: Enhancing food security and farm production with integrated 
crop-livestock production systems”.  
 
References 
Addiscott, T. M., & Whitmore, A. P. (1987). Computer simulation of changes in soil 
mineral nitrogen and crop nitrogen during autumn, winter and spring. The Journal of 
Agricultural Science, 109(01), 141. https://doi.org/10.1017/S0021859600081089 
Adhikari, P., Omani, N., Ale, S., DeLaune, P. B., Thorp, K. R., Barnes, E. M., & 
Hoogenboom, G. (2017). Simulated effects of winter wheat cover crop on cotton 




Al-Kaisi, M. M., Yin, X., & Licht, M. A. (2005). Soil carbon and nitrogen changes as 
influenced by tillage and cropping systems in some Iowa soils. Agriculture, 
Ecosystems & Environment, 105(4), 635–647. 
Alhameid, A., Ibrahim, M., Kumar, S., Sexton, P., & Schumacher, T. E. (2017). Soil 
Organic Carbon Changes Impacted by Crop Rotational Diversity under No-Till 
Farming in South Dakota, USA. Soil Science Society of America Journal, 81(4), 
868–877. https://doi.org/10.2136/sssaj2016.04.0121 
Álvaro-Fuentes, J., López, M. V, Cantero-Martinez, C., & Arrúe, J. L. (2008). Tillage 
effects on soil organic carbon fractions in Mediterranean dryland agroecosystems. 
Soil Science Society of America Journal, 72(2), 541–547. 
Barbera, V., Poma, I., Gristina, L., Novara, A., & Egli, M. (2012). Long-term cropping 
systems and tillage management effects on soil organic carbon stock and steady state 
level of C sequestration rates in a semiarid environment. Land Degradation & 
Development, 23(1), 82–91. https://doi.org/10.1002/ldr.1055 
Bowen, W. T., Thornton, P. K., & Hoogenboom, G. (1998). The simulation of cropping 
sequences using DSSAT. In Understanding Options for Agricultural Production 
(pp. 313–327). Springer, Dordrecht. https://doi.org/10.1007/978-94-017-3624-4_15 
de Moraes Sá, J. C., Séguy, L., Tivet, F., Lal, R., Bouzinac, S., Borszowskei, P. R., 
Briedis, C., dos Santos, J. B., da Cruz Hartman, D., Bertoloni, C. G., & others. 
(2015). Carbon depletion by plowing and its restoration by no-till cropping systems 
in oxisols of subtropical and tropical agro-ecoregions in Brazil. Land Degradation & 
Development, 26, 531–543. 
Eden, M., Schjønning, P., Moldrup, P., & De Jonge, L. W. (2011). Compaction and 
rotovation effects on soil pore characteristics of a loamy sand soil with contrasting 
organic matter content. Soil Use and Management, 27(3), 340–349. 
F. R. Lamm, R. M. Aiken, & A. A. Abou Kheira. (2013). Corn Yield and Water Use 
Characteristics as Affected by Tillage, Plant Density, and Irrigation. Transactions of 
the ASABE, 52(1), 133–143. https://doi.org/10.13031/2013.25954 
FAOSTAT. (n.d.). Retrieved February 10, 2019, from 
http://www.fao.org/faostat/en/#data/FS 
Frank, A. B., Liebig, M. A., & Tanaka, D. L. (2006). Management effects on soil CO2 
efflux in northern semiarid grassland and cropland. Soil and Tillage Research, 89(1), 
78–85. 
Gijsman, A. J., Hoogenboom, G., Parton, W. J., & Kerridge, P. C. (2002). Modifying 
DSSAT crop models for low-input agricultural systems using a soil organic matter-
residue module from CENTURY. Agronomy Journal, 94(3), 462–474. 
https://doi.org/10.2134/agronj2002.4620 
Godwin, D. C., & Singh, U. (1998). Nitrogen balance and crop response to nitrogen in 
upland and lowland cropping systems. In Understanding options for agricultural 
production (pp. 55–77). Springer. 
He, Jianqiang, Jones, J. W., Graham, W. D., & Dukes, M. D. (2010). Influence of 
likelihood function choice for estimating crop model parameters using the 
generalized likelihood uncertainty estimation method. Agricultural Systems, 103(5), 
256–264. https://doi.org/10.1016/J.AGSY.2010.01.006 
He, Jin, Li, H., Rasaily, R. G., Wang, Q., Cai, G., Su, Y., Qiao, X., & Liu, L. (2011). Soil 
93 
 
properties and crop yields after 11 years of no tillage farming in wheat–maize 
cropping system in North China Plain. Soil and Tillage Research, 113(1), 48–54. 
https://doi.org/10.1016/J.STILL.2011.01.005 
Hobbs, P. R. (2007). Conservation agriculture: what is it and why is it important for 
future sustainable food production? JOURNAL OF AGRICULTURAL SCIENCE-
CAMBRIDGE-, 145(2), 127. 
Hunt, L. A., & Boote, K. J. (1998). Data for model operation, calibration, and evaluation. 
In Understanding options for agricultural production (pp. 9–39). Springer, 
Dordrecht. https://doi.org/10.1007/978-94-017-3624-4_2 
Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, W. D., Hunt, L. A., 
Wilkens, P. W., Singh, U., Gijsman, A. J., & Ritchie, J. T. (2003). The DSSAT 
cropping system model. European Journal of Agronomy, 18(3–4), 235–265. 
https://doi.org/10.1016/S1161-0301(02)00107-7 
Jones, J. W., Tsuji, G. Y., Hoogenboom, G., Hunt, L. A., Thornton, P. K., Wilkens, P. 
W., Imamura, D. T., Bowen, W. T., & Singh, U. (1998a). Decision support system 
for agrotechnology transfer: DSSAT v3 (pp. 157–177). https://doi.org/10.1007/978-
94-017-3624-4_8 
Jones, J. W., Tsuji, G. Y., Hoogenboom, G., Hunt, L. A., Thornton, P. K., Wilkens, P. 
W., Imamura, D. T., Bowen, W. T., & Singh, U. (1998b). Decision support system 
for agrotechnology transfer: DSSAT v3. In Understanding options for agricultural 
production (pp. 157–177). Springer. 
Kahlon, M. S., Lal, R., & Ann-Varughese, M. (2013). Twenty two years of tillage and 
mulching impacts on soil physical characteristics and carbon sequestration in 
Central Ohio. Soil and Tillage Research, 126, 151–158. 
https://doi.org/10.1016/J.STILL.2012.08.001 
Kennedy, A. C., & Schillinger, W. F. (2006). Soil Quality and Water Intake in 
Traditional-Till vs. No-Till Paired Farms in Washington’s Palouse Region. Soil 
Science Society of America Journal, 70(3), 940–949. 
https://doi.org/10.2136/sssaj2005.0160er 
Lal, R., Reicosky, D. C., & Hanson, J. D. (2007). Evolution of the plow over 10,000 
years and the rationale for no-till farming. Soil and Tillage Research, 93(1), 1–12. 
https://doi.org/10.1016/J.STILL.2006.11.004 
Laudicina, V. A., Badalucco, L., & Palazzolo, E. (2011). Effects of compost input and 
tillage intensity on soil microbial biomass and activity under Mediterranean 
conditions. Biology and Fertility of Soils, 47(1), 63–70. 
Laudicina, V. A., Novara, A., Gristina, L., & Badalucco, L. (2014). Soil carbon dynamics 
as affected by long-term contrasting cropping systems and tillages under semiarid 
Mediterranean climate. Applied Soil Ecology, 73, 140–147. 
Legates, D. R., & McCabe Jr, G. J. (1999). Evaluating the use of “goodness-of-fit” 
measures in hydrologic and hydroclimatic model validation. Water Resources 
Research, 35(1), 233–241. 
Li, Z. T., Yang, J. Y., Drury, C. F., & Hoogenboom, G. (2015). Evaluation of the 
DSSAT-CSM for simulating yield and soil organic C and N of a long-term maize 
and wheat rotation experiment in the Loess Plateau of Northwestern China. 
Agricultural Systems, 135, 90–104. https://doi.org/10.1016/J.AGSY.2014.12.006 
Liu, S., Yang, J. Y., Zhang, X. Y., Drury, C. F., Reynolds, W. D., & Hoogenboom, G. 
94 
 
(2013). Modelling crop yield, soil water content and soil temperature for a soybean–
maize rotation under conventional and conservation tillage systems in Northeast 
China. Agricultural Water Management, 123, 32–44. 
https://doi.org/10.1016/J.AGWAT.2013.03.001 
Mesonet, S. D. (2019). South Dakota State University. 
Mikha, M. M., & Rice, C. W. (2004). Tillage and Manure Effects on Soil and Aggregate-
Associated Carbon and Nitrogen. Soil Science Society of America Journal, 68(3), 
809. https://doi.org/10.2136/sssaj2004.8090 
Munkholm, L. J., & Schjønning, P. (2004). Structural vulnerability of a sandy loam 
exposed to intensive tillage and traffic in wet conditions. Soil and Tillage Research, 
79(1), 79–85. 
Okoth, J. O., Mungai, N. W., Ouma, J. P., & Baijukya, F. P. (2014). Effect of tillage on 
biological nitrogen fixation and yield of soybean (Glycine max L. Merril) varieties. 
Australian Journal of Crop Science, 8(8), 1140–1146. 
http://www.cropj.com/omindi_8_8_2014_1140_1146.pdf 
Parton, W. J., Ojima, D. S., Cole, C. V., & Schimel, D. S. (1994). A general model for 
soil organic matter dynamics: sensitivity to litter chemistry, texture and 
management. Quantitative Modeling of Soil Forming Processes, quantitativemod, 
147–167. 
Parton, W. J., Stewart, J. W. B., & Cole, C. V. (1988). Dynamics of C, N, P and S in 
grassland soils: a model. Biogeochemistry, 5(1), 109–131. 
Pickering, N. B., Hansen, J. W., Jones, J. W., Wells, C. M., Chan, V. K., & Godwin, D. 
C. (1994). WeatherMan: A utility for managing and generating daily weather data. 
Agronomy Journal, 86(2), 332–337. 
https://doi.org/10.2134/agronj1994.00021962008600020023x 
Porter, C. H., Jones, J. W., Adiku, S., Gijsman, A. J., Gargiulo, O., & Naab, J. B. (2010). 
Modeling organic carbon and carbon-mediated soil processes in DSSAT v4.5. 
Operational Research, 10(3), 247–278. https://doi.org/10.1007/s12351-009-0059-1 
Richardson, C. W., & Wright, D. A. (1984). WGEN: A Model for Generating Daily 
Weather Variables. United States Department of Agriculture, Agriculture Research 
Service ARS-8, 83. 
ftp://ftp.biosfera.dea.ufv.br/users/francisca/Franciz/papers/Richardson & Wright.pdf 
RStudio, Rs. T. (2015). Integrated Development for R. RStudio, Inc., Boston, MA. 
Schjønning, P., de Jonge, L. W., Munkholm, L. J., Moldrup, P., Christensen, B. T., & 
Olesen, J. E. (2012). Clay dispersibility and soil friability—Testing the soil clay-to-
carbon saturation concept. Vadose Zone Journal, 11(1). 
Schjønning, P., Munkholm, L. J., Elmholt, S., & Olesen, J. E. (2007). Organic matter and 
soil tilth in arable farming: Management makes a difference within 5--6 years. 
Agriculture, Ecosystems & Environment, 122(2), 157–172. 
Seligman, N. G., & van Keulen, H. (1980). PAPRAN: A simulaiton model of annual 
pasture production limited by rainfall and nitrogen. Simulation of Nitrogen 
Behaviour o Soil-Plant Systems: Papers of a Workshop: Models for the Behaviour of 
Nitrogen in Soil and Uptake by Plant: Comparison between Different Approaches, 
192, 192–221. 
Singh, N., Vashisht, B., Sharma, S., & Kaur, S. (2019). Yield and Water Balance 
Components in Wheat (Triticum aestivum L.) as Influenced by Management 
95 
 




Singh, P., Alagarswamy, G., Pathak, P., Wani, S. P., Hoogenboom, G., & Virmani, S. M. 
(1999). Soybean-chickpea rotation on Vertic Inceptisols. I. Effect of soil depth and 
landform on light interception, water balance and crop yields. Field Crops Research, 
63(3), 211–224. https://doi.org/10.1016/S0378-4290(99)00037-4 
Soler, C. M. T., Bado, V. B., Traore, K., Bostick, W. M., Jones, J. W., & Hoogenboom, 
G. (2011). Soil organic carbon dynamics and crop yield for different crop rotations 
in a degraded ferruginous tropical soil in a semi-arid region: a simulation approach. 
The Journal of Agricultural Science, 149(5), 579–593. 
Soltani, A., & Hoogenboom, G. (2003). A statistical comparison of the stochastic weather 
generators WGEN and SIMMETEO. Climate Research, 24(3), 215–230. 
https://doi.org/10.3354/cr024215 
Thornton, P. K., Hoogenboom, G., Wilkens, P. W., & Bowen, W. T. (1995). A computer 
program to analyze multiple-season crop model outputs. Agronomy Journal, 87(1), 
131–136. https://doi.org/10.2134/agronj1995.00021962008700010023x 
Timsina, J., Godwin, D., Humphreys, E., Yadvinder-Singh, Bijay-Singh, Kukal, S. S., & 
Smith, D. (2008). Evaluation of options for increasing yield and water productivity 
of wheat in Punjab, India using the DSSAT-CSM-CERES-Wheat model. 
Agricultural Water Management, 95(9), 1099–1110. 
https://doi.org/10.1016/J.AGWAT.2008.04.009 
Triplett, G. B., & Dick, W. A. (2008). No-tillage crop production: A revolution in 
agriculture! Agronomy Journal, 100(3 SUPPL.), 153–165. 
https://doi.org/10.2134/agronj2007.0005c 
USDA-NASS, 2018. (n.d.). Retrieved July 27, 2019, from 
https://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=SO
UTH DAKOTA 
Watts, C. W., Dexter, A. R., Dumitru, E., & Arvidsson, J. (1996). An assessment of the 
vulnerability of soil structure to destabilisation during tillage. Part I. A laboratory 
test. Soil and Tillage Research, 37(2–3), 161–174. 
Watts, C. W., Dexter, A. R., & Longstaff, D. J. (1996). An assessment of the 
vulnerability of soil structure to destabilisation during tillage. Part II. Field trials. 
Soil and Tillage Research, 37(2–3), 175–190. 
Yang J., Greenwood D.J., Rowell D.L., Wadsworth G.A., & Burns I.G. (2000). Statistical 
methods for evaluating a crop nitrogen simulation model, N_ABLE. Agricultural 
Systems, 64(1), 17. https://doi.org/<a href="http://dx.doi.org/10.1016/S0308-
521X(00)00010-X">http://dx.doi.org/10.1016/S0308-521X(00)00010-X</a> 
Yang, J. M., Yang, J. Y., Liu, S., & Hoogenboom, G. (2014). An evaluation of the 
statistical methods for testing the performance of crop models with observed data. 
Agricultural Systems, 127, 81–89. https://doi.org/10.1016/J.AGSY.2014.01.008 
Zambrano, M., Maintainer, B., & Zambrano Bigiarini, M. (2011). Package “hydroGOF” 
Title Goodness-of-fit functions for comparison of simulated and observed 




Table 5.1a. Soil water holding characteristics and root growth factor for each horizon 
used for simulating the long-term maize-soybean rotation at Beresford, SD (Data 




















(cm) (cm3 cm-3) (cm3 cm-3) (cm3 cm-3)  (cm h-1) 
20 0.196 0.327 0.532 1 3.24 
66 0.166 0.306 0.486 0.406 3.24 
86 0.157 0.300 0.471 0.35 3.24 
137 0.192 0.307 0.457 0.223 0.97 
152 0.189 0.305 0.454 0.037 0.97 
 
Table 5.1b. Soil water holding characteristics and root growth factor for each horizon 
used for simulating the long-term maize-soybean rotation at Beresford, SD (Data 
extracted from NRCS, 2018). 
Depth Bulk density  Organic C  Clay  Silt  Total Nitrogen  CEC  
(cm) (g/cm3) (%) (%) (%) (%) (cmol/kg) 
20 1.12 2.610 27 62 0.23 18 
66 1.28 0.754 25 63 0.20 12 
86 1.33 0.290 25 63 0.17 12 
137 1.37 0.290 25 44 0.11 12 







Table 5.2. Chronological order of the crops grown and the fallow period used for 
simulating the impacts of crop rotation on crop yield using DSSAT. 
Year CT-CS NT-CS CT-SC NT-SC 
2003 Maize Maize Soybean Soybean 
2004 Soybean Soybean Maize Maize 
2005 Maize Maize Soybean Soybean 
2006 Soybean Soybean* Maize Maize 
2007 Maize Maize Soybean* Soybean* 
2008 Soybean Soybean Maize Maize 
2009 Maize* Maize* Soybean Soybean 
2010 Soybean Soybean Maize Maize 
2011 Maize* Maize* Soybean Soybean 
Note: * represents the model calibration treatments 
CT-CS: conventional tillage; maize-soybean rotation 
NT-CS: no tillage; maize-soybean rotation 
CT-SC: conventional tillage; soybean-maize rotation 






Table 5.3a. Estimated cultivar coefficients following calibration of the CSM-CERES-
Maize model. 
Cultivar Coefficient Coefficient value 
Maize: GL 482 Default Calibrated 
P1:  Thermal time from emergence of seedling up to juvenile 
phase (degree days above base temperature of 8 °C) 
240.0 270.1 
P2:    Extent of delay in development with unit hour increase in 
photoperiod (days) 
0.7 0.7 
P5:  Thermal time or degree days from silking to physiological 
maturity (degree days above base temperature of 8 °C) 
990.0 880 
G2:  Maximum number of kernels per plant 907.0 805.4 
G3:  Kernel filling rate (mg day-1) 8.80 9.17 







Table 5.3b. Estimated cultivar coefficients following calibration of the CSM-
CROPGRO-Soybean model. 
Cultivar Coefficient Coefficient value 
Soybean: M Group Savoy Default Calibrated 
CSDL:  Critical Short Day Length (hour) 14.33 13.93 
PPSEN:  
Slope of the relative response of development to 
photoperiod with time (1/hour) 
0.110 0.18 
EM-FL:  








Time between first seed (R5) and physiological maturity 
(R7) (photothermal days) 
35.2 31.5 
LFMAX:  Maximum leaf photosynthesis rate (mg CO2/m
2-s) 1.030 1.381 
SLAVR:  
Specific leaf area of cultivar under standard growth 
conditions (cm2 g-1) 
375.0 305.0 
SIZLF:  Maximum size of full leaf (three leaflets) (cm2) 180.0 140.1 
WTPSD:  Maximum weight per seed (g) 0.19 0.17 
SFDUR:  
Seed filling duration for pod cohort at standard growth 
conditions (photothermal days) 
23.0 17.2 
SDPDV:  
Average seed per pod under standard growing conditions 
(number/pod) 
2.20 1.76 





Table 5.4. Model calibration and evaluation statistics for simulated maize yield under conventional-till and no-till system using CSM-
CERES-Maize. 










n = 4 
 
2009 CT 12364 12847 0.94 0.93 12.2 -384.3 
2009 NT 11978 12676 
2011 CT 8422 6083 
2011 NT 8411 8032 
Evaluation 
n = 8 
2006 CT 6305 5868 0.94 0.86 25.0 1766.5 
2006 NT 4631 5198 
2007 CT 7196 9055 
2007 NT 7196 9296 
2008 CT 9284 11551 
2008 NT 9408 12412 
2010 CT 11552 13538 
2010 NT 10628 13414 
Note: CT – conventional tillage 





Table 5.5. Model calibration and evaluation statistics for simulated soybean yield under conventional-till and no-till system using 
CSM-CROPGRO-Soybean. 








n = 3 
2006 NT 2784 2785 1.00 0.99 1.3 28.3 
2007 CT 3012 3031 
2007 NT 3150 3215 
Evaluation 
n = 8 
2008 CT 3006 2912 0.65 0.85 12.5 -183.1 
2008 NT 3072 3193 
2009 CT 3384 2865 
2009 NT 3600 2759 
2010 CT 3312 3199 
2010 NT 3438 3198 
2011 CT 2070 2051 
2011 NT 2160 2400 
Note: CT – conventional tillage 






Figure 5.1. Simulated soil organic carbon SOC (kg ha-1) using the CENTURY module of DSSAT for the no-till (NT) and 
conventional tillage (CT) treatments from 2006-2011.  




Figure 5.2. Simulated extractable water (mm) under no tillage (NT) and conventional tillage (CT) treatments from 2006-2011.  





Figure 5.3. Simulated seasonal nitrogen components (2006-2011) including (a) quantity of nitrogen fixed (kg ha-1) during soybean 







Figure 5.4. Simulated (a) maize and (b) soybean yield (kg ha-1) based on 30 years of generated weather data using WGEN. 






Figure 5.5. Simulated seasonal runoff (mm) based on 30 years of generated weather data using WGEN.  







Figure 5.6. Simulated soil organic carbon (kg ha-1) based on 30 years of generated weather data using WGEN.  





Figure 5.7. Average simulated dry matter - rain and yield - rain productivity (kg ha-1 mm-1) for maize (A & B) and soybean (C & D) 
respectively, based on 30 years of generated weather data using WGEN.  





 SIMULATING THE IMPACT OF CROP-LIVESTOCK INTERACTION ON 
CROP PERFORMANCE USING DSSAT 
ABSTRACT 
Integrated Crop Livestock systems (ICLs) can help enhance soil quality and crop 
productivity, and ultimately increase farm income. However, until recently very limited 
studies have been conducted worldwide. Field experiments that evaluated the impacts of 
cover crops and grazing on crop productivity have shown mixed results due to, in 
majority of cases, the relatively short duration of the crop-livestock system. Dynamic 
crop models can be useful tools to simulate the long-term impacts of soils and crop 
management on crop yield. There is a lack of research which simulates the impact of 
crop-livestock integration on crop performance due to the complexity of the system 
which arises by introducing livestock. Therefore, the objectives of the current study were 
to develop a simple simulation methodology for crop-livestock interaction using the 
DSSAT, and to evaluate the performance of cover crop grazing on maize production. 
Here, differences in pre-grazing and post-grazing dry matter were used to determine the 
daily biomass consumption by the livestock, and the in-vitro dry matter digestibility 
(IVDMD) of the cover crops was used to determine the amount of manure that is being 
returned to the soil during the grazing period. The data generated from the field 
experiments were used to calibrate and evaluate the Cropping System Model (CSM)-
CERES-Maize of the Decision Support System for Agrotechnology Transfer (DSSAT). 




respectively. The trends in the field data were, therefore, well represented by the 
simulated data. This methodology provides evidence that crop modeling effectively 
simulates ICLs, especially the crop-livestock interactions. However, extensive testing and 
improvements in the methodology may be required for enhancing future use by 
researchers and policy makers. 
 
Keywords: CSM-CERES-Maize; Integrated Crop-Livestock system; Simulation 
methodology; Cover crop; Grazing 
 
6.1. INTRODUCTION 
An Integrated Crop Livestock system (ICL) is a mixed production system that 
raises crops and livestock simultaneously on a single farm. ICL has the potential to be 
adapted in the Midwest region of the US where cover crops are grown in rotation with 
cash crops, usually during the fall season after maize or soybean harvesting. Cover crops 
play an important role in improving the sustainability of crop production systems, 
especially in the case of a maize (Zea mays)-soybean (Glycine max) rotation in the USA, 
where high inputs and fallow periods are common (Rusch et al., 2020). The cover crops 
provide various ecosystem services such as a reduction in nitrate leaching (Hanrahan et 
al., 2018), controlling soil erosion during fallow periods (Kaspar & Singer, 2015), weed 
suppression (Baraibar et al., 2018) and forage production (Landry et al., 2019). However, 
researchers argue that cover crops have a negative impact on the net returns in the short-




livestock grazing to enhance economic returns (Plastina et al., 2018; Thompson et al., 
2020). The ICLs, especially those that include cover crops, have the potential for 
enhancing production along with added benefits to improving soil health and the 
environment (Kumar et al., 2019). However, studies on the impact of grazing cover crops 
on the following cash crop show mixed results. Grazing cover crops can either increase 
(Da Silva et al., 2014) or reduce the yield of the cash crop (Franzluebbers & Stuedemann, 
2014) or may have no effect on the yield of the following cash crop (Baumhardt et al., 
2009). However, it takes years to assess the soils, environmental and economic impacts 
associated with the ICL for different environmental settings because long-term studies 
are not only expensive to maintain but also require a lot of manpower. Due to the 
complexities involved in plant – livestock interactions, it may be beneficial to apply a 
systems analysis approach that integrates simulation models with experimental data. 
Process based models such as those available in Decision Support System for 
Agrotechnology transfer (DSSAT) (Hoogenboom et al., 2019; Jones et al., 2003), when 
well calibrated and evaluated based on field data, provide useful information in assessing 
the long-term management impacts on crop production. Therefore, we developed a 
prototype simulation methodology that would enable users to study the impact of cover 
crop grazing on the following crop production using tools already available in DSSAT 
crop modeling ecosystem (Hoogenboom et al., 2019). DSSAT has been extensively used 
across the globe to simulate crop production and related processes under very diverse 
environmental conditions and broad range of management systems (Adhikari et al., 2017; 




DSSAT is of significant importance as it allows users to simulate diverse crop rotations 
and the long-term impact of differences in management operations (Thornton et al., 
1995). This also helps in assessing the overall systems approach, on how management 
operations would impact the soil processes over time, with aid of robust crop models 
(Bowen et al., 1998). However, before making predictions about the future crop yield 
under diverse production systems, the crop models first have to be calibrated and 
evaluated with observed data from the particular site or region (Adhikari et al., 
2017). This improves reliability of the future predictions made using crop simulation 
models. 
Integrated crop-livestock systems have been found to significantly improve the 
soil C pools within five years of converting from continuous corn-soybean systems 
(Tracy & Zhang, 2008), hence it is also important to simulate the soil organic matter 
dynamics for these situations.  For this purpose, we used the CENTURY model which 
also simulates the residue layer and is considered efficient in simulating carbon and 
nitrogen under diverse systems (Gijsman et al., 2002). Integration of crop and livestock 
models has been discussed for the past 20 years, especially for smallholder farming 
systems (Herrero et al., 2007; Thornton & Herrero, 2001), but not much progress has 
been made so far. Attempts to develop a crop grazing simulation methodology have been 
made using DSSAT, but with very specific objectives (Zhang et al., 2008). A wheat 
(Triticum aestivum) grazing model with emphasis on wheat production, wheat–animal 
interaction and livestock production has previously been developed using DSSAT. 




software (Hoogenboom et al., 2019). There have been few crop-livestock interaction 
studies that used the Agricultural Production Systems Simulator (APSIM) (Holzworth et 
al., 2014), however, the nutrient recycling during the grazing period was not considered 
in these studies (Bell et al., 2011; Peterson et al., 2020). The novelty of the current study, 
however, lies in the simplicity of the approach, with respect to nutrient recycling by 
livestock, and the generalization to any crop involved, as the primary focus was on crop 
production and crop-livestock interaction. The study area being located in South Dakota 
was assumed to resemble a typical Midwestern maize-soybean rotation, as maize and 
soybean are grown on around 5 million ha each in SD (USDA-NASS, 2018). Considering 
the advantages and disadvantages associated with ICL with respect to crop productivity 
and soil properties, this study was conducted to develop a grazing simulation 
methodology using the available tools in DSSAT and to evaluate its performance for 
cover crop grazing on crop productivity. 
 
6.2. MATERIALS AND METHODS 
6.2.1. Study Site 
The experimental site was at the South Dakota State University Southeast 
Research Farm, Beresford (43°02'58" N, 96°53'30" W). The study was initiated in 2016 
to determine the impact of cover crops and cover crop grazing on maize, soybean and 
oats yield in a 3-yr oat–maize–soybean rotation managed with no-till under rainfed 
conditions. The experiment was laid out in a randomized complete block design with four 




The plots were setup on a flat surface with less than 2% slope. The soil is classified as an 
Egan-Trent silty clay loam (NRCS, 2019).  
The treatments comprised of: i) Oat–maize–soybean (CNT), ii) Oat/cover crop–
maize–soybean (CC), and iii) Oat/cover crop grazing–maize–soybean (ICL). For the 
CNT treatment, oat plots during the first season were harvested in late summer, and 
maize was seeded in oat stubbles during the second year, followed by soybean in the third 
year. For the CC treatment, a cover crop blend was seeded in the late summer/early fall 
immediately after the oat harvest. The cover crop blends consisted of diverse function 
groups of crops that included grasses, legumes, oilseeds, and brassicas. These cover crop 
blends used during this study were winter killed before the next season, hence no 
termination was required. Maize was seeded into the oat and cover crop residue in the 
second season followed by soybean in the third season. For the ICL treatment, the cover 
crops planted in the late summer/early fall were grazed in late fall before the onset of 
winter at a stocking rate of around 9 head/ha (Heifers). The grazing period for the ICL 
treatments varied across years depending on the availability of biomass and was recorded 
as 7, 13, and 7 days for 2016, 2017, and 2018, respectively.   
 
6.2.2. DSSAT Model input 
Since the current version of DSSAT (4.7.5) (Hoogenboom et al., 2019) does not 
have a specified crop model for oat, the Cropping System Model (CSM)-CERES-Barley 
was used to complete the crop rotation (Nicoloso et al., 2020) (Table 6.1). To simulate 




crops, grasses dominated all the other functional groups during the field experiments. 
With sorghum as one of the grasses present in the cover crop blend, CSM-CERES-
Sorghum was used to mimic the cover crop for simulations. Since it is hard to simulate an 
intercropped group of species using crop models, the best strategy to show the impact of 
cover crops during simulations was to use a grass species model and to simulate a 
comparable biomass. The CSM-CERES-Maize was used to simulate crop growth and 
development for maize, and soil organic matter simulations were carried out using 
CENTURY module in DSSAT (4.7.5). Soybean was left out of the simulations as no 
effect of the treatment was observed on crop productivity.  
Minimum dataset requirements for proper functioning of various modules in 
DSSAT include: crop management history, soil surface and profile characteristics, daily 
weather data and cultivar specific genetics coefficients. The soil data for the simulations 
was extracted from NRCS soil survey site (NRCS, 2019) (Table 6.2). Barley planting 
dates varied from April 4 to April 14, whereas, cover crop planting dates varied from 
August 9 to August 17 (Table 6.3) to simulate desired biomass. Oat and cover crops were 
planted at a row spacing of 18 cm with 300 seeds per m2 each, with 104 kg N ha-1 
provided to oat at the time of planting, while cover crops were not fertilized. Maize was 
planted on May 11 with a row to row spacing of 76 cm and a plant population of 7 plants 
m-2. Maize fertilization included 175 kg N ha-1 as pre-plant application and additional 10 
kg N ha-1 after one month. All the simulation treatments started with a fallow period as 
beginning of the winter followed by planting of a new crop in the spring. Daily weather 




radiation (MJ m-2) from 2016 to 2019 were obtained for the Beresford weather station 
(South Dakota Mesonet, 2019).  
 
6.2.3. DSSAT model calibration and evaluation 
DSSAT requires cultivar specific genetic coefficients to be estimated using the 
observed data. These coefficients then can be adjusted to obtain a good fit between the 
simulated and observed data. These coefficients govern crop growth and development 
and should be tested before making final predictions. The observed yield data was 
adjusted for moisture content to simulate final yield on dry matter basis at 0% moisture. 
CSM-CERES-Maize was calibrated using final yield for 2017 and 2018 (n = 6). Dry 
biomass samples were collected beginning in 2018 at different growth stages of the crop 
and were used for model calibration (n = 9). The genetic coefficients were evaluated 
using final yield (n = 3) and biomass data for 2019 (n = 9).  Initially, the genetic 
coefficients were estimated using the GLUE program (He et al., 2010) of DSSAT, which 
were later refined manually to fit the observed data. 
 
6.2.4. Crop-livestock interaction 
When dealing with livestock grazing (ICL), it becomes important to estimate the 
amount of manure being returned to the soil during that period by the animal. An 
overview of the concept applied to simulate the crop-livestock interaction is depicted in 




consumption (DBC, kg ha-1 day-1) by grazing livestock (Eq. 1), and amount of manure 
that would be added back to the soil (Eq. 2).  
DBC(kg ha−1day−1) =  
Pre grazing biomass − Post grazing biomass
Grazing period (days)
                             . . (1) 
Manure Output (kg ha−1day−1) =  DBC × (1 −  
IVDMD
100
)                                                   . . (2) 
The DBC was estimated by taking the difference between pre- and post-grazing 
biomass of the cover crops and dividing it by the number of days grazing was carried out 
in the field. To estimate the amount of daily manure output the DBC was multiplied by 
the proportion of undigestible dry matter consumed by the animal. Since the in-vitro dry 
matter digestibility is the proportion of dry matter digested by the livestock (Moran, 
2005), usually expressed as %, the proportion of undigestible biomass consumed was 
estimated as (1 – IVDMD/100). The nutrient analysis of the manure samples provided 
information about the nitrogen content of the manure, which helped in estimating the 
nitrogen recycled during the grazing period. Therefore, in order to simulate the ICL 
treatment, the daily biomass that was consumed by livestock was removed using the 
PEST module of CSM (Batchelor et al., 1993; Teng et al., 1998) by creating a FileT. The 
FileT contained daily biomass removal amounts in g m-2 day-1, which originally was 
designed to depict damage caused by insects and diseases. Using the relationship between 
IVDMD and DBC, the daily estimated amount of manure with desired N concentration 
was added back to the soil for the grazing period. Thus, the ICL treatment during the 
simulation study was converted to barley – sorghum + biomass removal + manure – 




DSSAT which allows for continuous simulation of soil water and nutrient dynamics, 
including soil organic carbon and nitrogen (Bowen et al., 1998; Thornton et al., 1995), 
and enabled us to study the treatment effect for next cropping season.  
 
6.2.5. Statistical analysis 
A number of statistics were calculated to compare model performance with the 
observed data. Each statistic has both its own advantages and limitations (Yang et al., 
2014). Therefore, in this study we used the index of agreement (d) (Willmott, 1982), 
percent relative root mean squared error (RRMSE expressed as percentage of mean 
observed data) and mean error (E) (Addiscott and Whitmore, 1987; Yang et al., 2000) to 
assess the performance for simulated and observed maize yield and biomass. The degree 
of model prediction error is measured by index of agreement (d) which ranges from 0 to 
1. For this experimental study, d > 0.9 was considered excellent; a value of d between 0.8 
and 0.9 was considered a good fit between simulated and observed data; and a moderate 
agreement was proposed for a value of d between 0.7 and 0.8 (Liu et al., 2013). However, 
in case of a small number of observations, the main focus was on reducing the RRMSE 
and E, rather than increasing the value for d. RRMSE can vary from 0% to ∞. Therefore, 
a RRMSE of less than 15% was considered excellent for this simulation study, while a 
RRMSE between 15 and 30% was considered good fit (Liu et al., 2013). Mean error (E) 
measures the direction of estimation whether the model is over predicting (E>0), or under 








6.3.1. Calibration and Evaluation of DSSAT 
For the current simulations, the cultivar genetic coefficients were determined 
using observed data from the highest yielding replication, which was assumed to have 
experienced minimum environmental stress. The CSM-CERES-Maize model was 
calibrated by adjusting the six cultivar parameters which govern growth and development 
of maize. The final calibrated cultivar coefficients are provided in table 6.4. The observed 
maize yield for 2017 and 2018 was used for calibration along with biomass data collected 
at the V8, R1 and R6 growth stages in 2018. During calibration of the maize model, the 
estimated statistics showed very good agreement between simulated and observed yield 
data with d = 0.99, RRMSE = 4.72% and E = 129.7 kg ha-1 (Table 6.5). A similar degree 
of agreement for the evaluation of maize yield was found with d = 0.95, RRMSE = 0.3% 
and E = 14 kg ha-1. Biomass samples were collected during the field trials at V8, R1 and 
R6 growth stages and the simulated biomass on corresponding dates was used for model 
calibration and evaluation. Simulated biomass showed excellent agreement during the 
calibration phase with d = 0.99. However, in terms of error, the model had an average 
agreement with RRMSE = 19.3% and E = -1302.3 kg ha-1 (Figure 6.2). However, there 
was a very good agreement between simulated and observed biomass for the evaluation 




1. The focus for evaluation was on reducing the RRMSE and E. Based on the final 
statistics for both calibration and evaluation, we can infer that the CSM-CERES-Maize 
model can be utilized to simulate maize yield and biomass with a cover crop and for ICL 
treatments satisfactorily.   
Based on the calculated statistical parameters for model calibration and evaluation, it is 
fair to say that the crop simulations captured the trends in the observed data well. Hence, 
the calibrated and evaluated models can be used for scenario analysis and making future 
predictions. The statistical parameters estimated in this study look well for CSM-CERES-
Maize model. For all calibration and evaluation statistics, E was found to be positive for 
crop yield, which signifies that mean simulated results were higher than the observed 
values. This is the probably the ideal case for simulation studies as most of the times, 
crop models are not able to simulate all biotic stresses such as weeds, diseases or insects, 
unless the crops are very well managed. 
 
6.3.2. Crop-Livestock Interaction 
The control treatment that consisted of barley–maize was simulated as a regular 
crop rotation. Since the treatments were assigned after the harvest of barley, the model 
simulated a similar final yield for barley in the given year. The fallow period following 
the harvest of barley was longest in the CNT treatment. The CC treatment, however, 
consisted of cover crops, planted in August after harvesting barley. To simulate the 
impact of cover crops on crop production and different soil processes in the model, the 




above ground biomass that was returned as surface residue at the end of cover crop phase 
was 3176 kg ha-1 in 2016, 2833 kg ha-1 in 2017, and 2982 kg ha-1 in 2018 with a mean 
error of -23 kg ha-1 (Table 6.3).  
The ICL treatment needed a few more adjustments than the CC treatment as it 
was designed for crop-livestock interaction. In the ICL treatment, the cover crop biomass 
was removed daily using the PEST model, as would happen in real time during grazing 
period. During field observations, the biomass consumed by livestock was estimated to 
be around 40% of the total biomass available for grazing. Using equation 1, the amount 
of daily biomass removed was 182 kg ha-1 day-1 (18.2 g m-2 day-1) for 2016, 87 kg ha-1 
day-1 (8.7 g m-2 day-1) for 2017, and 170 kg ha-1 day-1 (17 g m-2 day-1) for 2018. The 
cover crop mixtures had an IVDMD of around 70%, which was used in equation 2 to 
calculate the amount of daily manure output during the grazing period. The estimated 
amount of manure with a nitrogen content of 1.7% was applied daily from the time of 
commencement till the termination of grazing period. The simulated crop yield suggests 
that CNT performed better than the other treatments across all the three years. The 
simulated yield for the ICL treatment was higher than the CC treatment for 2017 and 
2019. A similar trend was also observed during the field experiments, but the differences 
among treatments were found to be insignificant for crop yield. This comparison between 
the simulated and observed data lends evidence in support of the simulations and that the 






Over the three-year simulation period, highest average crop yield was observed in 
the CNT treatment (8710 kg ha-1), followed by the ICL (8610 kg ha-1) and CC (8472 kg 
ha-1) treatments. Although no significant differences in the crop yield were observed for 
the field trials, the trend was CNT > ICL > CC. Hence, the CSM was able to capture the 
variability in crop yield well. For every year of this study, the simulated biomass was 
almost similar for the three treatments. The CNT treatment (20847 kg ha-1) produced 
highest biomass followed by CC (20726 kg ha-1), and ICL (20572 kg ha-1) treatments. 
Wells et al. (2013) reported that cover crops tend to sequester nitrogen, and the amount of 
N scavenged by cover crop residue is directly proportional to the C: N of the residue. 
However, the ruminant processing of the cover crop biomass helps in easier breakdown 
of the material, thus aiding in better N recycling (Cicek et al., 2014). The simulated crop 
yield depicted similar results and suggested that ICL can aid in better nutrient recycling 
and provide advantage over cover crop treatments.  
The idea of using crop models or adopting a systems approach for simulating 
ICLs is not novel. Efforts in the past have been made at studying the ICLs whether solely 
for crop production purposes or for crop – livestock interactions. The advantage of using 
this approach lies in its simplicity to simulate the impact of grazing the impact of cover 
crop grazing on succeeding crop performance. Efforts in the past have been made at 
studying the crop-livestock interactions for a dual-purpose cereal using DSSAT, but that 
required creation of dedicated subroutines and a number of mathematical functions that 




only the crop–livestock interaction, but the growth of the animals as well (Zhang et al., 
2008). However, the objective of current study was solely to simulate the impact of short-
term grazing on crop production. The methodology used in this study does not require 
specific programming skills that are needed to make the desired changes in the CSM 
model (Hoogenboom et al., 2019; Jones et al., 2003). All tools used in this study are 
already part of the current DSSAT ecosystem (Hoogenboom et al., 2019). A few 
additional inputs can help to successfully simulate the impact of grazing on crop 
production. Data on the amount of biomass consumed before and after grazing is key to 
the strategy, which will help in removing the amount of biomass consumed by livestock. 
The best scheme was to assume a uniform removal of biomass on a daily basis by the 
livestock, which may or may not be true under field conditions. The IVDMD of the cover 
crop or any crop subject to grazing, is also essential for estimation of the amount of 
manure that can be recycled during the grazing period. Commonly measured as a 
percentage, IVDMD provides an estimate of the amount of biomass consumed by the 
animal but unable to digest and is, thus, excreted out (Moran, 2005). Therefore, the 
amount of manure is inversely related to the digestibility of the cover crop. Although the 
manure added to the soil during the grazing period is not a primary source of nitrogen, a 
nutrient content analysis of the manure samples can prove helpful. Researchers in the past 
have considered manure as a primary source of organic matter but not of nitrogen during 
simulation studies (Baudron, 2011). Peterson et al., (2020) studied the impact of climate 
change on resilience of ICLs. They used APSIM  (Holzworth et al., 2014) to study the 




with respect to manure and urine addition was left out of the simulations. The N recycling 
was restricted only to the differences in cover crop biomass for the integrated system and 
the cover crop treatments.  
For future work, extensive evaluation of our proposed methodology is required. It 
would also be helpful to model the IVDMD of crop species with respect to crop stages, 
for better understanding of the crop-livestock interaction. This simple approach of 
estimating the manure output is solely based on the amount of dry matter consumed by 
livestock from the beginning until the end of the grazing period. This tends to provide a 
fair estimate of the nitrogen and organic matter added back to the soil, however, does not 
estimate the nitrogen recycled through livestock urination while grazing. The above 
mentioned method however does not simulate the impact of grazing on soil properties as 
has been done in other simulation studies (Bell et al., 2011; Thomas et al., 2008). The 
short-term grazing in this study was followed by frozen winters, which was assumed to 
have non-significant impact on the soil properties, especially soil compaction. Also, the 
freeze/thaw cycles prevalent in the norther Great Plains may eliminate the negative 
impact of grazing on soil quality (Liebig et al., 2012), which is supposedly the reason 
why the current simulations do well without modeling soil physical properties. Another 
limitation of the methodology is the non-consideration of varying stocking rates which 






The current crop modeling study was able to simulate the impact of cover crops 
and cover crop grazing by utilizing the pre-existing tools of the DSSAT crop modeling 
ecosystem. Simulated maize yield and biomass matched well with observed yield and 
biomass obtained from field experiments. The methodology was developed from field 
experiments by collecting additional information on the amount of biomass consumed by 
the livestock and IVDMD of the cover crops to estimate the amount of manure excreted 
by livestock during grazing. The nutrient analysis of the manure provided information 
about the nitrogen added back to the soil through grazing which proved to be a fair 
estimate of the nutrients recycled and aided in simulating the impact of ICLs on maize 
performance. Hence, the current simulation methodology can help researchers and policy 
makers alike, in simulation of various management scenarios with respect to ICLs. 
However, for further improvement of the methodology, rigorous testing is required using 
data collected from diverse sources and experiments conducted over longer duration. 
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Table 6.1. Crop rotations simulated with the Cropping System Model (CSM) of DSSAT to study the impact of integrated crop-
livestock system (ICL) on crop performance at Beresford, SD. 







CNT Oat - Maize 
CC Oat Cover crops Maize 
ICL Oat Cover crops + grazing Maize 
Simulation study 
CNT Barley  - Maize 
CC Barley Sorghum Maize 
ICL Barley Sorghum + biomass 
removal + manure 
Maize 






Table 6.2. Soil properties for each horizon used in simulating the impact of integrated crop-livestock system (ICL) on crop 
performance at Beresford, SD (Data extracted from NRCS, 2018). 
Depth Bulk Density  Organic C  Clay  Silt  Total Nitrogen  CEC  
(cm) (g/cm3) (%) (%) (%) (%) (cmol/kg) 
20 1.12 2.61 27 62 0.23 18 
66 1.28 0.75 25 63 0.20 12 
86 1.33 0.29 25 63 0.17 12 
137 1.37 0.29 25 44 0.11 12 
152 1.38 0.17 25 44 0.11 12 
Depth 
Lower Limit of Plant 
Extractable Soil Water 
Drained 
Upper Limit 
Saturated Soil Water 
Content 
Root growth 
factor (0 to 1) 
Saturated hydraulic 
conductivity 
(cm) (cm3 cm-3) (cm3 cm-3) (cm3 cm-3)  (cm h-1) 
20 0.196 0.327 0.532 1 3.24 
66 0.166 0.306 0.486 0.406 3.24 
86 0.157 0.300 0.471 0.35 3.24 
137 0.192 0.307 0.457 0.223 0.97 
152 0.189 0.305 0.454 0.037 0.97 






Table 6.3. Planting dates and final total biomass for the cover crops planted to study the impacts of integrated crop-livestock system 
(ICL) on crop performance at Beresford, SD. 
Year Planting date Biomass (kg ha-1) 
 Observed Simulated Observed Simulated 
2016 August 2 August 16 3198 3176 
2017 August 14 August 17 2821 2833 






Table 6.4. Cultivar coefficients for CSM-CERES-Maize used to study the impact of integrated crop-livestock system (ICL) on crop 




P1:  Thermal time from emergence of seedling up to juvenile 
phase (degree days above base temperature of 8 °C) 
260.1 
P2:    Extent of delay in development with unit hour increase in 
photoperiod (days) 
0.1 
P5:  Thermal time or degree days from silking to physiological 
maturity  
(degree days above base temperature of 8 °C) 
880 
G2:  Maximum number of kernels per plant 755.4 
G3:  Kernel filling rate (mg day-1) 5.7 








Table 6.5. Model calibration and evaluation statistics for simulated maize yield with CSM-CERES-Maize. 









n = 6 
 
2017 CNT 7353 6896 0.99 4.72 129.7 
 CC 6388 6287 
 ICL 6922 6701 
2018 CNT 11630 10906 
 CC 10587 10906 
 ICL 10492 10898 
Evaluation 
n = 3 
2019 CNT 8359 8327 0.95 0.3 14 
 CC 8248 8224 
 ICL 8219 8233 


















Figure 6.2. Simulated and observed total biomass at the V8, R1 and R6 stages of maize 
for model calibration using data from 2018 (a) and model evaluation using data from 
2019 (b) at Beresford, SD.  







The impacts of an integrated crop-livestock (ICL) system on crop yield, plant 
nutrient uptake, and economic performance were studied  in a 3-yr oat – maize – soybean 
rotation under no-till management at Southeast Research Farm of the South Dakota State 
University, Beresford, SD (43°02'58" N, 96°53'30" W) from 2016 to 2020. The soil at the 
experimental site was classified as Egan-Trent soil series (Silty clay loam) and the field 
experiment was laid out using a randomized complete block design with four 
replications. We assessed the impacts of cover crops, cover crop grazing and no cover 
crops and grazing on crop yield, plant nutrients uptake and economic performance. Data 
from the field trial was used to develop a simulation methodology using the DSSAT 
program, after calibrating and evaluating the models using long-term crop yield data from 
the same site. The following conclusions were drawn from each of the four individual 
studies: 
Study 1: Crop yield and economic performance 
1. The present study was conducted to assess the impacts of cover crops and 
livestock grazing (grazing of cover crops and crop residues) on crop yield and 
economic profitability over a 4-year (2016-2019) period. 
2. Integrating cover crops or livestock grazing into an oat – maize – soybean rotation 
did not impact the crop yield of the following cash crop for the study duration.  
3. Cash crop yield, although insignificant, was lower in the cover crop treatment 




4. Integration of cover crops and livestock grazing raised the cost of production as 
compared to the no cover crop and no grazing. However, the differences in costs 
were not significantly different when averaged over four years of the production 
cycle. 
5. The study concluded that farmers practicing ICL can generate significantly higher 
net returns by grazing cover crops as compared to growing cover crops without 
grazing in an oat-maize soybean rotation. 
 
Study 2: Biomass yield, harvest index, and nutrient uptake in maize 
1. This study assessed the impacts of cover crops and cover crop grazing on biomass 
yield, harvest index and nutrient uptake of maize at R1 and R6 growth stages. 
2. Cover crops and grazing of cover crops did not impact the maize biomass yield 
and harvest index.  
3. Nutrients uptake by maize was greater when cover crops were not included in the 
oat-maize-soybean rotation or when cover crops were included and grazed, than 
where cover crops were not grazed. 
4. The study suggests that cover crops grazing improves nutrient availability to the 
subsequent cash crop through a) the rumen processing of the plant material into 
manure, b) reducing cover crop biomass and thus increasing mineralization, c) 
reducing soil moisture use by cover crops and therefore enhancing nutrient 




5. Grazing may play an important role in balancing the ecosystem services of cover 
crops without sacrificing the nutrient availability to the subsequent cash crop due 
to sequestration and in dry environments, through reducing water use by cover 
crops.  
 
Study 3: Simulating long-term maize-soybean production 
1. The study was conducted to calibrate and evaluate CSM-CERES-Maize and 
CSM-CROPGRO-Soybean models using long-term crop yield data from a 2-yr 
maize – soybean crop rotation under conventional and no-tillage management, 
and assess long-term impacts of tillage on crop performance.  
2. The estimated statistics depicted that the models captured variations in the data 
really well (evaluation coefficient of determination (R2) was 1.00 and 0.65 for 
CERES-Maize and CROPGRO-Soybean, respectively). 
3. Based on the evaluated models, 30-year simulations using historical weather data 
suggested that no tillage management can be beneficial in enhancing soil organic 
carbon and crop productivity as compared to the conventional tillage practices. 
 
Study 4: Simulation methodology for ICLs using DSSAT 
1. The study was conducted to develop a simulation methodology for assessing the 
impact of cover crop grazing on the following crop yield. 
2. Data on pre- and post- grazing cover crop biomass were used to estimate the 




in-vitro dry matter digestibility (IVDMD) of the cover crops that were subjected 
to grazing.  
3. The IVDMD was the key in determining the amount of manure that would be 
excreted by an animal in the form of manure during the grazing period. Similarly, 
N content of the manure samples aided in estimating the amount of N recycled. 
4. The proposed methodology for simulating cover crop grazing was able to capture 
the trends in maize yield (d = 0.95) and biomass (d = 0.97) well, when compared 
with observed data.  
5. This study concludes that the current methodology using DSSAT model to 
estimate the ICLs impacts on crop yield works well under current conditions, 
however, further improvements in the methodology may be needed to address 
interactions of crops and livestock components in integrated systems, under 













Table A1. Management operations for oat production from 2016-2019 at SDSU Southeast 
Research Farm, Beresford, SD 
Operation 2016 2017 2018 2019 
Cultivar Hayden Horsepower Hayden Saddle 
Seed rate 
(kg/ha) 
100 103 89 112 
Fertilizer 
(Preplant) 
 78 kg N/ha 84 kg N/ha  
Herbicide     
Preemergence 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
Postemergence  
1.25 L/ha a.i. 
bromoxynil 
1.25 L/ha a.i. 
bromoxynil 
1.25 L/ha a.i. 
bromoxynil 
Fungicides  
0.08 L/ha a.i. 
metconazole 









Table A2. Management operations for maize production from 2016-2019 at SDSU Southeast Research Farm, Beresford, SD 
Operation 2016 2017 2018 2019 2020 
Cultivar DKC46-36 DKC56-45 PIO P03389AM PIO P03306AM PIO 0431M 
Relative maturity 94-98 106 103 103 104 
Planting 19-May-16 15-May-17 7-May-18 15-May-19 7-May-20 
Seed rate 
(seeds/ha) 
80000 80000 80000 85000 80,000 
Row spacing 76 cm 76 cm 76 cm 76 cm 76 cm 
Fertilizer      
Preplant 135 kg N/ha 185 kg N/ha  78 kg N/ha 89 kg N/ha 
 16 kg P/ha 22 kg S/ha  7 kg S/ha  
Side dress   135 kg N/ha 135 kg N/ha 65 kg N/ha 
Herbicide      
Preemergence 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
2.25 L/ha a.i. 
glyphosate 
 
 1.5 L/ha a.i. 
metolachlor 
1.5 L/ha a.i. 
metolachlor 
1.5 L/ha a.i. 
metolachlor 
0.8 L/ha saflufenacil  
 0.25 L/ha a.i. 
metribuzin 
0.25 L/ha a.i. 
metribuzin 
0.25 L/ha a.i. 
metribuzin 
  








0.2 L/ha a.i. 
mesotrione 
0.2 L/ha a.i. 
mesotrione 
 0.2 L/ha a.i. 
mesotrione 
0.2 L/ha a.i. 
mesotrione 
 1 L/ha a.i. 
atrazine 
1 L/ha a.i. 
atrazine 
 1 L/ha a.i. atrazine 1 L/ha a.i. atrazine 
    2.25 L/ha a.i. 
glyphosate 
 





Table A3. Management operations for soybean production from 2016-2019 at SDSU Southeast Research Farm, Beresford, SD 
Operation 2016 2017 2018 2019 
Cultivar P28T08R P33T69R AG19X8 AG21X6 
Maturity group 2.8 3.3 1.9 2.1 
Planting 20-May-16 26-May-17 18-May-18 16-May-19 
Seed rate (seeds/ha) 350000 350000 350000 350000 
Row spacing 76 cm 76 cm 76 cm 76 cm 
Herbicide 
Preemergence 
2.25 L/ha a.i. glyphosate 2.25 L/ha a.i. glyphosate 2.25 L/ha a.i. glyphosate 
2.25 L/ha a.i. 
glyphosate 
 1.5 L/ha a.i. metolachlor 1.5 L/ha a.i. metolachlor 1.5 L/ha a.i. metolachlor 
1.25 L/ha a.i. 
metolachlor 
 0.25 L/ha a.i. metribuzin 0.25 L/ha a.i. metribuzin 0.25 L/ha a.i. metribuzin  
 0.08 L/ha saflufenacil 0.08 L/ha saflufenacil 0.08 L/ha saflufenacil  
Postemergence 0.3 L/ha a.i. fomesafen 0.3 L/ha a.i. fomesafen 0.3 L/ha a.i. fomesafen 
1.75 L/ha a.i. 
acifluorfen 
 0.009 L/ha a.i. 
cloransulam-methyl 
0.009 L/ha a.i. 
cloransulam-methyl 
0.009 L/ha a.i. 
cloransulam-methyl 
0.7 L/ha a.i. 
clethodim 
 0.5 L/ha a.i. clethodim 0.5 L/ha a.i. clethodim 0.5 L/ha a.i. clethodim 
2.25 L/ha a.i. 
glyphosate 
 2.25 L/ha a.i. glyphosate 2.25 L/ha a.i. glyphosate 2.25 L/ha a.i. glyphosate  





Table A4. Planting dates for cover crops and grazing period from 2016-2019 at SDSU Southeast Research Farm, Beresford, SD 
Operation 2016 2017 2018 2019 
Planting 2-Aug-16 14-Aug-17 8-Aug-18 20-Aug-19 
Grazing (ICL treatment only)     
Start date 8-Nov-16 2-Nov-17 19-Oct-18 4-Nov-19 









Table A5. Enterprise budgets for cover crop and livestock grazing operations from 2016-2019 at SDSU Southeast 
Research Farm, Beresford, SD 
Enterprise item 2016 2017 2018 2019 
 Units Price Quantity Total Quantity Total Quantity Total Quantity Total 
Cover crop  
Seed lb/ac 0.54 13.00 7.02 15.00 8.10 15.00 8.10 38.00 20.52 
planting $/ac   16.00  16.00  16.00  16.00 
Total 
(acre) 
   23.02  24.10  24.10  36.52 
Total 
(hectare) 
   56.88  59.55  59.55  90.24 
Livestock  









$/ac   3.84 3.84 3.84 3.84 
Fence 
energizer 
$/ac   6 0 0 0 
Water tank    6.38    
water 
hauling 
   7.35 14.7 7.35 14.7 
Total 
(acre) 
   23.02 18.54 11.19 18.54 
Total 
(hectare) 





Teerath Singh Rai is a graduate research assistant in the Department of Agronomy, 
Horticulture, and Plant Sciences at South Dakota State University, Brookings, SD. He 
received his B.S. (Agriculture) in 2013 from Punjab Agricultural University, Punjab, 
India and M.S. (Horticulture) in 2016 from Dr YS Parmar University of Horticulture and 
Forestry, Solan, India. For his Ph.D., he joined South Dakota State University-Brookings, 
SD in 2018 and received the doctorate degree in Plant Science in 2021 under the 
supervision of Dr. Thandiwe Nleya. He has accepted a Post-Doctoral Researcher position 
with Dr. Hamze Dokoohaki at University of Illinois, Urbana-Champaign, IL where he 
will be moving after his graduation. 
